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FOREWORD

The research described in thiaz report is aimed at the improve-
ment of existing photocathodes. The reporting period is November 1,
1968 to Octocber 31, 1970. The technical work was carried out by
R. L. Erickson, P. A. Lindfors and w. M. Mularie. The research
was supervised by W. T. Peria, Professor of Electrical Enuineering.
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whole or in part by thias contract.
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Electron Spectroscopy, Surface Science 19, 469 (1970).

- M. R. Jeanes, W. M. Mularie ard W. T. Peria, “Photoelectric
Studies of Clean and Cesgiazgd Ge{l00) and 5i(100)," to be
published.

- D. 5. Fisher, *“Photoelectric study of ¥a,Sb Films," to be.
publishegd. '
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Clean and Cesiated Ge(100) and $i{100),* presented at the
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Thin ’ilms, " presented at the Conference on Photoelectric
and Secondary Electron Emission, Minneapolis, August 1967,

- W. M. Mularie and T. W. Rusch, "Inelastic Effects in Auger
Electron Spectroscopy, ™ presented at the Conference on Photo-
electric and Secondary Electron Emissicn, Minneapolis,
August, 1969,

- W. 7. Peria, Colloguium talk at the University of Gueiph,
Ontario, March 5, 1971. Colloguium talk at the University
of wiaconsin, Milwaukee, April &, 1971.




1ii

SUMMARY

Results of a photoelectric study of clean and cesiated Si(100)
are presented and discussed. Both valence band and surface state
emission were observed from the clean and cesiated silicon. The band
bending at the silicon surface was determined as a function of
cesium coveragde.

An apparatus was constructed to measure energy and angular
distributions of secondary electrons. Results are presented
demonstrating inelastic diffraction and characteristic losses.

A preliminary study of surface inhomogenities due io heating
GaAs is presented. The effect of such patches severely limits the
long wavelength emission fiom GaAs-Cs photoemitters prepared on
such substrates.

A deconvolution technique for increasing the resolution of
Auger electron spectra obtained with conventional analyzers is
described. The resultant spectra agree well with those obtained
using high resolution instruments 'ESCA).
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1. PHOTCEMISSION PROCESSES OF CLEAN AND CESIATED SILICON(1090)*

1.1 Introduction

1.1.1 General Considerations

Interest in high~efficiency infrared photocemitters has recen’:ly
been centered upon the study of alkali-covered semiconductor sys’.ems.
Efficient photuemission from metals is unobtainable due to the large
optical reflectivity and the short photoelectron mean free rz2ih
characteristic of metals. Semiconductors, although possessing larger
absorption coefficients and longer photoelcctron pzth lengths, have
photoelectric thresholds for efficient photoemission {i.e. valence
band emission) which lie in the ultra-violet spectral region. However
it was shown by Scheer and van Laarl that the adsorption of alkali
metals in monolayer amounts decreased the semiconductor work functien
sufficiently to extend the photothreshold to the near-infrared
spectral region., Phenomenologically, the work function -eduction is
produced by the formatinn of a surface dipole layer and by a change
in the electrostatic potential of the semiconductor surface with
respect to that of the bulk (band bending). There exists a causal
relationship between the latter process and the existence of
allowed electronic states in the band gap at the surface. The
deposition of an alkali which, at least at low coverages, adsorbs
as an ion, changes the surface state occupancy-hence the Fermi
level at the surface with respect to the band edges. It follows
that the photoemissive properties of the alkali~semiconductor
photocathede depend strongly upen the density and distribntion
of these surface states.

Many techniques have been employed to determine the electro-
static potential and surface state densities at the semiconductor
surface, e,g. surface conductivity and field effect measurements.
Although each possesses some unique capability, thesze methods are
basically indirect and have inherent cenceptual or experimental
limitations. A more direct technique, which allows greater insight

*The work described in this section was partially supported
by Contract No. 33615-69-C-1063 with ¢he U.S. Air Force
Avionics Laboratory, Wright-Patterson Air Force Base., It
will also be reported under that program.
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and observation capabilities than the above, is that of photo-
emission measurements. Allen and Gobeli,“ and Fischer,3 have *o
a great extent developed the photoemission techniques used in
the present experiment. It should be noted that, although the
photoemission measurement techniques are direct in nature,
ambiguities (mainly due to experimental limitations) have
previcusly led to disagreement in interpreting the nature of
alkali adsorption upor semiconductors using these techniques. '
The primary motivation for this work was he nead to
determine in a direct manner, i.e.,, without recourse to other
than the simplest of physical models, the effect of alkali
adsorption upon band bending at a semiconductor surface, The
system investigated was cesium adsorbed on silicon (100).

l.1.2 Basic Concepts of Photoemission Measurements

Emission of electrons from a metal or semicenductor,
resulting from illumination of the surface with monochromatic
light, is characterized experimentally by measurement of the
spectral yield, Y(hV): i.e. the number of emitted electrons
per absorbed photon, measured as a function of photon energy
hv, and, by the measurement of the external kinetic energy
distribution of emitted photoeleztrons (proportional to
%%(h”)) at a fixed photon energy, hv. Briefly, the photo~
emission prccess characteristic of volume excitation may be
phenomenologically described in terms of a three-step process,
involving: (a) excitation of electrons (resnlting “rcm
absorption of a photon) from occupied states in the solid to
higher-lying empty states, (b) the transport process cof these
photoelectreons to the sirface and, (cj the escape or trans-
mission of these photoelectrens into vacuum. In view of
the uncertainties introduced in accounting for these three
mechanisms 1n the externally observed photoemission data,
it is not surprising that several internally-consistant
theories can account for the data. However, the main
features of the photoelectric emission data, characteristic
of volume emission in semiconductors, can be interpreted
in terns of ener band structure and scattering procesazes
nroposed by Kane, Confirmation of this analysis was first
obtained experimentaily by Gobeli and Allen.’.8 Using the concants




developed by Kane, a brief resume' describing the relationship
hetween externally observed photoelectric data and information
regarding the electron states in the crystal will now be presented.

1.1.3 vVolume Phctoelectric Emission Processes in Semiconductore

It has beer observed for silicon and,germanium, that typical
escape depths of photoelectrons are < 50 A, Thus the appropiriate
semir onductor parameters to consider are those associated with
the surface region of the crystal, as shown in an idealized
model in Fig. 1. The electron affinity, ¥, is defined as the
work required to remove an electron from the lower edge of the
conduction band to the vacuum level at the surface, i.e., = Eyac ~
Ec. Correspondingly, the work function, ¢, is defined as the
work required to remove an electron residing at the Fermi
energy in the crystal to the vacuvm level. The photoelectric
threshold, ¢, is the energy difference between Eyp. and the
highest emitting state contributing to the externally observed
photoemission. for our present purpose, it can be assumed
that this threshold coincides with emission from the top of
the valence band. Figure 1, considered in its totality, presents
a phenomenological model for photoelectric emission from
semiconductors and for the measurements of the energy
distribution of emitted photonelectrons by the retarding
potential technique. 1Illuminating the semiconductor with
monochromatic light of energy hv raises electrons from
occupied valence band states to higher-lying conduction band
states as shown by the vertical lines on the left side of Fiq. 1l.
This produces an internal energy distribution N(E) jnt Whose
highest _ying state is lccated hv above the highest filled
state; in this case the valsnce band edgye. As previously
stated, the internal distribution will be modified by the
transport and transmission properties of the s90lid and solid-
vacuum interface. 1In the retardéing potential measurement
mode, whose parameters are illustrated in Fig. 1, the energy,

E. of a group of emitted photoclectrons is measured with
respect to the Fermi level of ths semiconductor, i.e.

E-E_=V + o, (1)

where o, is the werk function of the collector and Vap is
tne potential cpplied between the semiconductor and retarding
field electrcde. Thus, the external encrgy distribution of
photoelectrons, N(Ejext. is obtainel by varying Vapp over a



range ¢ - m, < eV, € E¢ + h,, -~ we. Several important relation-
ships can be derived using Fig. l. The highest energy at which
electrons are emitted, in this model equal to hv and appearing

at Vapp = hV ~ @, ~ E¢, is independeat of emitter work functici.
conversely, the lowest energy emitted photoelectron {zero external
kinetic energy) is determined by the emitter work functicn, eo.

The energy width of the external energy distribution is thus

egual to hV -~ 9. A more realistic model for a semiconductor (5i)
surface will be examined lacer. However, the preceding serves

to demonstrate the important parameters to he considered.

The internal and external photoelectron energy distributions
are related, as mentioned previocusly, by the energy-loss
saechanisms encountered in diffusion of photoelectrons toward
the suriace and upon the nature of the eneray barrier at the
surface. The main energy loss mechanism in diffusion toward
the surface is electron-electron collision which excites a
hole-electron pair across the energy gap. The mean free path °
for this scattering process is quite short, »ppruximately 20~-30 A,
hence, the process must be considered in interpratation of
the photoelectric yield and energy distribution curves (EDCs).
This scattering process, which displaces a large number of
high energy electrons to lower energies in the EDCs, becomes
less important when the electron affinity, y, becomes less
than approximately twice the bana gap. In this case, electrons
which have energies gcreater than the photcthresghold have
insufficient energy to create hole-electron pairs. Energy
losses to lattice scattecring are small over the typical
photoelectron escape depths; approximately 0.03 eV per
scattering event. (gt 300°K) with a mean-free path of
approximately 1072 A,

The effect of the barrier at the surface will modify
the internal distribution according to the energy depaendence
of the electron reflection coefficient. However, the
phenomenon becomes important only for electrons nitted
with nearly zero kinetic energy. The main inter. . in
this experiment is the charactexr of the high energy edge
of the EDCs, where electron energies are usually well above

ac- Hence, barrier reflection will not usually affect
the analysis. :




Optical transitions which contribute to the observed yield
can be characterized according to Kane in terms of direct and
indirect processes. In the former, the process of absorption
of a photon involves both simultaneous energy and momentum

’ conservation, Since the momentum associated with the photon,
h/\. is regligible compared to the electron momentum sk, the
final stcate will be located on the E vs. k diagram by a
vertical line ‘kfinal = Kinitjal) 2t an energy Eginal = Ejnitial = PV
above the initial state. Conversely, in an indirect
process, 2nergy is conserved but the Kgjinag # Kinitiale In
this process a continuum of final states is possible through
exchange of arbitrary amounts of momentum with the crystal
lattice. 1In general, the threshold for valence band enission
is characterized by indir=2ct processes since direct processes
typically have a higher energy threshold. ?

The characterization of the photoelectron energy
distributions in terms of direct or indirect processes can
be made according to Fig. 2, 1In the center is displayed an
E vs. k diagram for a hypothetical solid. The corresponding
behavior of the EDCs for indirect and direct processes are
shown in (a) and (b) respectively. To distinguish between
these processes, the measured EDCs are plotted with the
initial states of the photoelectrons as abcissa. This is
done by shifting each EDC downward by hV, the photon energy
at which the EDC is measured. If thc transitions are indirect,
electrons can be excited cut of the top of the valence band
at all energies - hence the initial states of highest energy
will coincide, as shown in Fig. 2(a). If the transitions are
direct, varying the photon energy will, in general, vary the
initial state of the higheut energy photoelectrons, as shown
in Pig. 2(b). 1In this case, the relationship between the
initial state and the photon energy will be determined by the
E vs. k topology of the solid. Experimental evidence has been
obtained, 10 consistent with Kana's theory, showing that the
high quantum yield region of the spectral yield curves are
characteristic of direct optical transitions in the bulk.
The relatively low yields encountered near vhotothreshold
has been shown to be indicative of indirect optical transitions.
Kane® has predicted a power-law dependence of the spectral
yield upon photon energy near threshold, viz,

: Y(hv) = c, (hv-3)". (2}
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The exponential factor, n, is dependent upon the excitation and
scattering characteristic of the photoemission process. The
factor, ¢, is the apparent threshold for the process and C, is
a constant. Kane predicted a linear dependence (n = 1) of the
yield upon photon energy for direct processes and, for indirect
processes, exponents of n = 2, 3/2 cr 5/2 dependent upon the
nature of the indirect process. For Si{lll) it was found by
Gobeli and Allen? that the spectral yield could be fitted by
assuming linear and cubic dependences of the yield in the

high quantum yield region and threshold region, respectively.

1.1.4 Threshold Emission Processes in Semiconductors

Near the photocelectric threshold the photoelectric yield
from most materials can be ascribed to indirec¢t processes
involving the valence band and/or to emission from localized
electron states, lying near or above the valence band_maximum,
at the surface. The latter states, proposed by ramml? and
Shockley, 12 arise from the termination of the bulk periodic
potential at the surface and appear at energies not allowed
for bulk states i.e. in the band gap of the semiconductor.

In the absence of surface states, and external fields,
there exists no electrostatic potential difference between
the semiconductor bulk and the surface i.e., the bulk energy
bands continue flat up to the surface. However, the introduction
of acceptor states below or donor states above the Fermi level
at the surface causes a potential difference or "band bending”
to be established, in equilibrium, between the surface and
the bulk., The effects of band bending upon photoemission
measurements depends upon the distribution and concentration
of impurity and surface states of the semiconductor. In
this experiment, the choice of high resistivity, pure material
minimized the uncertainties in interpretation of the photo-
emission data, since for this material the amount of band
bending over a photoelectron escape length was small., This
allowed unambiguous separation between ulk and surface
photoemission processes as will he shown in Sec. l.4.

1.2 Experimental Techniques and Apparatus

1.2.1 Vacuum System and Accessories

The requirements of several measurement capabilities,
and the necessity of surface contamination-~freae conditions
for a minimum of several thousand seconds, dictated that
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the experiment be carried out in a u.h.v., ion-pumped, system
capable of < 1610 Torr pressure. The system used was an
Ultek TNB~X metal belljar system (similar to the system shown
in Fig. 3) with zeolite sorption pumping from atmospheric

to 103 Torr pressure and 100 liter/sec titanium ion pumping
(with auxiliary titanium getters) to ultimate pressures of

< 10-10 gporr after bakeout to 280°C. The pumping well was
capable of being isolated from the upper chamber, housing

the experimental apparatus, by a prppet valve. However, the
sealing surface on the pcppet valve, a Viton "0" ring, was
removed to prevent contamination from the Viton outgassing
products, mainly Cl; and F;. Omission of the "0O" ring,
however, did not severely limit the usefulness of the poppet
valve. Used as a variable impedance, it facilitated studies
involving controlled gas admission and alsc prevented
cross-contamination between experimental and pumping sections
e.g. hydrocarbon contamination resulting from cutgassing the
titanium getters.,

The sample manipulator, illustrated in Fig. 4, was
developed in this laboratory ané was capable of 2.5" vertical
motion and = 360° rotation (restricted vy electrical connections).
The tantalum sample holder was mounted on a ceramic insulator
and thereby could be electrically isolated from ground potential.
It contained an internal heater filament, capable of heating
the holder to 650°C, and a Pt-Pt-107 fh thermocouple. The
crystal was mcunted to the holdexr by use of 0.20" Ta tabs
fitted to slots cut inte the sample. The sample holderx
cross~-section was slightly less than the (0.707 x 0.707)cm2
crystal cross-section so that only the crystal subtended the
direct line of sight at each measurement or deposition apparatus
in the vacuum system.

The vacuum station was equipped with several gas
admission systems, capable of admitting controlled amounts
of spectrographically pure oxygen, hydrogen and argon through
Granville~Phillips type C valves. The argon was further
purified using a cataphoretic procedure described elsewhere.13
Much use was also made of an EAI-150 quadrupole mass spectro-
meter for residual gas analysis studies during several phases
of the work., Two 36" diameter Helmholtz coils were mounted
in the horizontal plane, symmetric about the center sample
pesition te null out the effects of the vertical component
of the earth's magnetic field. This was found critical both
to the operation of the Farnsworth gun tc be described later
and in minimizing the effect of magnetic fields, which tended

to broaden the inherent energy spread of low-energy electrons.
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A schematic top view of the experimental components of the
vacuum chamber is shown in Fig. 5. The salient features of
each and the experimental techniques used in op=2ration ¢f each
component will now be briefly discussed.

1.2.2 LEED-Auger Electron Spectroscopy (AES)

The techniques and value of LEED and AES in analysis of
surface symmetries and surface chemistry has been weil
documented, 14,15, 16 phe applications of low-energy 2lectron
diffraction (LEED) in the determination of long and short
range surface atomic ordering17 and for surface structural
determinationsl® have been successful to varying degrees.

It is assumed in simple kinematical theory that only con-
sideration of the twec-dimensional periedicity of the surface
is necessary to describe features of the LEED pa*tern and
diffraction intensities. Experimentally, the observation

of a "standard" LEED pattern of Ligh intensity with respect
to the non-ccherent background is used as necessary, but

not sufficient, proof that the surface is in a clean, ordzared
state,

Auger Electron Spectrosccpy (AES) has been shown to be
complementary to LEED in establishing the condition of
chemical purity at a surface. Briefly this technique
characterizes the chemical compositiog of the surface layer,
to depthsl9 of approximately 10 - 25 A, by analyzing the
energy distribution of electrons emitted from the surface
region under the influence of electron bombardment. A
certain fraction of the backscattered electrons occur as
peaks in the energy distribution at energies (independent
of the primary excitation enerqgy; characterigtic of inner
atomic energy level spacings in the atom. Since these
energy level spacings are unique to a particular element,
the analysis of the kinetic energy of these discrete peaks
gives both gualitative and quantitative information regarding
the surface chemical composition. Weber and Perial4 nhave
demonstrated the compatibility of LIED and AES measurements
in a standard LEED-type hemispherical analyzer. A idur-
grid herispherical LEED-Auger system, illustrated in Fig, 5,
was used in this experiment. The ac modulation-phase
sensitive detection method proposed by Harris20 was uzed
for energy analysis of the backscattered electrons from the
surface region. The detection system essentially that
described by Palmberg et al,,2l was capable of detecting
< 1012 ¢s atoms/cm2 on the sample substrate.
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1.2.3 Crystal Cleaning Facilities

The system capabilities for cleaning surface contamination
layers from the Si(100) and Ge(100) surfaces consisted of an ion
bombardment (sputtering) chamber and a heater, internal to the
sample holder, for annealing the surface disorder p.oduced by
ion bombardment. The sputtering chamber was of a standard design
described by Riach; 22 providing ion bombardment densities up
to approximately 80yA/cm2 at 50-300 eV energy. The normal
operating procedure used for ion-pombardment cleaning was to
valve off the pumping well and then to turn off the system ion
pumps. The system pressure was then raised to approximately
1-2 x 10~3 Toir of purified argon. The discharge was cperated
in the temperature-limited emission mode described by Riach,
which is characterized by high ion current densities, stable
operation and uniform sputtering. In practice, the ion
energies were kept < 307 eV to insure uniform ion current
densities and to minimize surface damage induced by high
energy bombardment.

1.2.4 Cesium Jon Deposition~Work Function Measurements

Weber and Cordes?> demonstrated the feasibility of using
ion-exchanged sodium alumino-silicate (Linde type A zeolite)
sources to obtain an efficient thermally-activated cesium ion
source. The obvious advantage of this ion source over
evaporation sources was the ability to determine alkali coverage
of a surface by simply measuring the incident ion current. This,
of course, assumes a negligible neutral atom output, which would
not be measured by this technique. Weber24 measured the impurity
and neutral Cs emission from these gources and found less than
0.3% impurity emission (mainly other alkali ions) and 2¢ neutral
emission at the normal operating temperature of approximately
850°C. The latter was confirmed in this experiment by placing
a clean surface in position for ion deposition with the sources
at emitting temperature but with the target biased positively
with respect to the source. By observing the work function shift
of the target with time it could be determined that, within
norral deposition times, less than 2¢ of the total alkali
deposition arrived as a neutral species.

The design and construction of the cesium ion gun, shown
in Fig. 6, has been previously discussed by Weber, 2 The
activation of the cesium ion source prior to insertion into the
gun was carried out in a u.h.v. system whose ambient could be
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monitored by a mass spectrometer (rather than in a roughing
pump system as described by Weber). This was to minimize
contamination from the ambient during the melting procedure
and to enable a determination of the impurity emission from
the zeolite csource during and after activation., The mass
spectrum showed mainly CO, CO2, and H)O present, at a
temperature slightly below the fusion point, and a large
burst of CO and CO; accompanying the fusion of the source
onto the Pt foil. The operating point of the source was
determined from the power input vs. emission current char-
acteristics after activation. The operating temperature
was chosen to allow a 1-2 ;JA ion current to be extractea
from the source.

The experimental procedures used in operating the ion
gun, such as the determination of the operating potentials
on the gun electrodes, were dictated by several considera-
tions: uniformity of ion &eposition, the need to measure
accurately the total number of deposited ions and the
desire to operate the gun in a contamination-free mode. The
uniformity of deposition was determined by measuring the
work function over several areas of the crystal after
deposition. Excellent uniformity, corresponding to a
variation in work function reduction of less than 5% over
the crystal surface, was found when the ion gun was
operated in the defocussed mcde described by Weber. 1In
this mode the gun potentials were set so that the ratio
of the ion current, measured at the rectangular aperture
("A" in Fig. 6). to the target current was in the ratio
of the aperture area to the target area. The measurement
of the total amount of deposited Cs, as previously
mentioned, was dependent upon the neuntral emission from the
source but was also dependent upon the incident ion energy.
The latter arises from the energ¥ dependence of the sticking
probability. Using AES, McNeil 5 determined that the
sticking probability for 20 eV K* ions on Si was only 0.80.
At less than 6 eV, which was the upper limit of ion
energies used in this experiment, the sticking probability
was shown to approach unity.

Ion sources, although uvsed extensively for quantative
alkali deposition, can under certain conditions give rise
to ceontamination. In particular, it was shown in this
experiment that, if operated improperly, the zeolite sources
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produced sufficient molecular oxygen to significantly affect the
experimental results. The supportive evidence for this statement

and resolution of this problem will now be discussed in some
detail.

1.2.4.1 Oxygen Contamination of Cesium Depositions

It was observed in these experiments, using high sensitivity
AES measurements, that, even under uhv {1 x 10~10 Torr) conditions,
there existed oxygen contamination in the ion-deposited cesium
layers. Subsequent use of the qguadrupole mass spectrometer to
monitor the ambient gas during operation of the ion source
produced & rather surprising result: a mass peak correspondiing
to 05 was observed only during the process of extracting ions
from the source. No 03 component was observed while outgassing
the source above the operating temperature, or by any other means
than ion extraction. The oxygen peak in the mass spectrum could
be literally switched "on" and "off" by biasing the circular
grid "B" (Fig. 6) negatively or at positive potential with respect
to the ion source, Further, the magnitude of the oxygen peak
was cbserved to be roughly proportional to the icn current
extracted. This observation indicated that either the oxygen
compponent was due to ion-impact desorption of molecular oxygen
from the surface of the ion gun electrodes, or it was emanating
from the alumino-silicate source. The former was discounted
through the following experiment: the ion gun was operated in
two modes: (a) the normal operating mode with the approximate
potentials shown in Fig. 6 and (b), operated with only circular
grid “B" negative with respect to the ion source and all other
potentials at OV (filament potential). The latter mode, (b),
allowed extraction of ions but did not allow ions to strike
the gun sarfaces. The total pressure of the system was
measured by a Bayard-Alpert gauge and gas composition was
recorded usingy the EAI quadrupole mass spectrometer. The
filament was kept at a constant temperature (approximately 850°C)
and the potential on grid “B" was varied from 0 to -25Y, causing
variation in the extracted ion current from O to 5 yA. Figure 7
illustrates the results obtained by operating in each of these
modes. Curve A is typical of the rise in pressure observed
with increasing ion current operating in mode (a). This was
mainly due to a large ot component, as shown by the
corresponding partial mass spectrum, resulting from ion~
impact desorption from the ion gun electrode surfaces.
Operating in the latter mode (curve (»}} and, thereby,
suppressing ion-impact gas desorption caused a precipitous
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decrcase in the cO* peak with essentially no change in the 05

peak, as shown in the corresponding partial mass spectrum.

The slight increase in total pressure in curve B with increasing
ion current was due mainly to an increase in the 05 peak.
Biasing grid “B" positive produced an immediate decrease in
total pressure and the 05 peak magnitude. From this evidence,
it was clear that the O, partial pressurec did not arige from
ion-impact gas Jdesorption, but was related to processes at

the ion source. The observation of the phenomenon suggested

a solid-state electrolysis process i.e., the process of
continuous ion extraction from ap essentially insulating source
(alumino-silicate) proceeded by negative 02~ aeutralization.
Subsequent recombination at the Pt foil may liberate 0 as
observed. There may have been, of ~ourse, an intermediate
process resulting in oxygen evolution at the filament. The
level of contamination resulting from this oxygen evolution
was dependent upon the cesium coverage and manner of

operating the ion gun. Comparison of photoemission, work
function and AES data indicated that during normal deposition
runs, typically, ~ 10¢ of oxygen coverage could be inadvertently
obtained concurrent with deposition of cesium to maximum
coverage. The effect of oxygen coantamination at maximum

cesium coverage depended upon the total amount of oxygen
evolved, but usually resulted in an enhancement of the
photoelectric yield and a reduction in the sample work
function. The correlation of the oxygen contamination

level with cesium coverage was derived by monitoring the
intensity of the O0:KLL and Cs: My N, Ny 5 transitions

by AES, as will be discussed in Sec. 1.3.4.3 and illustrated

in rig. 29.

The resolution of this dilemma, found by monitoring
the ambient gas composition and AES spectrum of the
deposited cesium, was to pre-heat the source, for 1-2
minutes at 50-100°C above the normal operating temperature
(grid B = +22.5") prior to ion deposition. Subsequently
reducing the source temperature and depositing in the normal
mode, produced an effective increase in the rate of ion
deposition of 3-5 times that obtained without preheating
and an oxygen contaminant level {from AES data). at full
cesium coverage, amounting to less than 2-3“ of the
maximum obtainable oxygen coverage., When full Cs coverage
was reached in a single deposition, the oxygen -3S peak
~ould not be detccted at the limit of our detectability.
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The preheating procedure may be rationalized in terms of
producing a cst space~-charge region or cesium enriched

layer at the zeolite surface, prior to deposition. A

cesium surface laver could increase the surface conduc-
tivity, and thus, the probability of electron neutralization
during ion emission. Wnatever the physical process involved,
extraction of ions from this scurce, which was precheated

in the above manner, resulted in a larger ion current with
little oxygen evolution during deposition.

l.2.4.2 Work Function Measurement Technicues

The samvle work function was measured using a gun described
by Farnsworth.26 Measu-ement of relative shifts in sample
work function from the resulting retarding potential curves
could be made within approximately 0,02 ev, but an absolute
measure of the sample work functicn could not be determined
from these curves., Informaticn regarding the absolute work
function was, however, obtained from photoelectric
measurements to be described later.

1.2.5 Photoelectric Measurements

The two related photoelectric measurements to be
discussed below; viz.,, the photoelectric vield Y(hv) and
the energy distribution of photoelectrons, dY were made
using a 3-grid hemispherical energy analyzer, shown
esgsentially to full scale in Fig. 8., A stainless steel
shield covered the entire grid assembly, eliminating
electrostatic pickup from external sources and, as proviously
mentioned the use of external Helmholtz coils minimiz:d the
magnetic field distortions in the analyzer. A hemispiierical
304 stainless steel collector with a 1/2* diameter hole on
the optical axis was mounted concentrically to the grid
structure as shown in Fig. 8. A circular repeller, normally
bpiased ~6V with respect to the collector, was used to
prevent photoelectrons from escaping through the light beam
input hole. An optical grade G.E. sapphire window was
mounted on the flange to allow the light beam input from
the exterior monochromator.

A double-monochromator optical system of a design
used bg Fisher,27 and later modified and described by
Riach, 42 was used in this work. The main design considera-
tion, that enabled meaningful photoemission measurements
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to be made, was the requirement of spectral purity of the light
output, Subject to this constraint, it was desirable tc obtain
maximum output intensity to enable measurements from low yield
photosurfaces, e.g., clean Si. Figure 9 illustrates the basic
layout of the photoemission systam. The spectral purity was
obtained by coupling two monochromators (Bausch and Lomb 3386~
25 and 23-~-86-40) in series and subsequently filtering out the
higher order dispersions, which are characteristic of grating
monochromators, at the output of the second monochromator.

The output section consisted of guartz-fluorite lensas in the
focusing stage and two gquartz beam splittews, which shunted

a small fraction of the output light to RCA 937 (spectral
range 5.5-3.10 eV) and RCA 917 (3.05-1.20 eV) photocrlls,

The focal length of the assembly was variable and provided a
well-focussed 2mm x 2mm spot at the center of curvature cf

the photoanalyzer. To enzble determination of the beam gize
and focus at the sample surface (when positioned at the

certer of curvature of the photoanalyzer), a frosted-glass
target with a rear mounted 45° mirroxr was mounted on the
sample rod (not shown in Fig. 4) at an angle of approximately
90° with respect to the sample. This allowed observation of
the size and the degree of focus of the light beam impinging
upon the glass, when the latter was positioned in front of

the analyzer. Subsequent rotation of the manipulator

brought the sample into position for measurements. The

output light intensity available at the sample position was
dependent upon the light source used, which in turn, depended
upon the measurement mode desired. The photoelectric yield
measurements were most convanizantly made using a Bausch and
Lomb 150 watt Xe lamp, which provided a relatively smooth,
high intensity spectral output. This lamp, however, was

found unsatisfactory for energy distribution measurements

due to its disposition toward precipitous changes in output
intensity over the time periods (400 secs.) needed to obtain

a typical energy distribution curve. This phenomenon was due
to the wandering of the position of the arc in the Xe source
and appeared to ie inherent in the lamp design., Interchangeable
with the above li:mp, on the input of the first monochromator,
was a 1000 watt Xe lamp and housing designed and constructed
by P.A, Lindfors of this laboratory. The source gave an
extcemely stable output over long time periods (within 54

over 8-10 hours). 1In addi:ion, it provided increased
intensity, which was invaluable for energy distribution
measurements from low yield surfaces where the total photo-
currents, even with the increased intensity, approached

107+ amps,
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The photoelectric yield was calibrated in terms of the
absolute (photon flux) output of the monochromator by use
of an Eppley 4100 vacuum thermopile, calibrated using
radiation standard c-631 of the National Bureau of Standards.
Thus the monochromator output (photon flux) was related to
the 917 and 935 photocell currents at each photon energy in
the 1.20 to 5.5 eV apectral region. Using this calibration,
it is estimated that errors in the absolute measurement of
the yield due to uncertainties in light output were less
than 104 over the entire spectral range. The effects of
scattered light from the monochromator and analyzer upon
the measured yvields will be discussed subsequent to
presentation of the experiment evidence in Sec. l.4.

1.2.5.1 Photoelectric Yield

The photoelectric yield at a fixed photon energy i.e.,
the number of emitted photoelectrons per absorbed photon
is defined in terms of observable or calculable quantities, as,

-1 I(hv)
¥y =t N V) ri-p ()] (3)
where e = !el (the electronic charge), I(h') is the emitted

photocurrent, Np(hV) is the incident photon flux, and p (hv)
is the sample reflectivity, The calibration of the light
output and corresponding photocell response with the Epply
vacuum thermopile allowed determination of the absolute
photon flux at each photon energy in terms of a calibration
factor (hv), and the observed photocell current, Ic(hv).
Thus at each photon energy, the yield ¥(hv) could be
expressed in terms of these experimental quantities as

W . Xtv) o -(bv)
YY) = @] T, () (4)

The tacit assumption is usually made that th2 reflectivity,
p., is independent of surface conditions (e.g., the presence
of an adsorbate) in the photon energy range used in this
experiment, At least it can be shown? that the major
structure in the reflectivity for clean and cesium-covered
Si is characteristic of volume processes (e.g. interband
transitions), independent of surface conditions. This
follows from the fact that the region of influence of a
monolayer of cesium is small compared to the absorption
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depth of the incident radiation. However, extremely small changes
in reflectivity due to cesium adsorption have been detected by
application by ellipsometry techniques. It follows that the
applicability of bulk reflectivity corrections for surface state
emission processes should be cquestioned. Evidence supporting

this view will be presented in Sec., 1.3.2.2 and discussed in

Sec. l.4.

The operation of the hemispherical analyzer (Fig. 8) in the
yield measurement mode was accomplished by biasing the 3 grids
(Gy,2,3) and the collector at +180V with respect to ground.

The emitted photocurrent was measured by grounding the target
through a Cary Model 31 vibrating reed electrometer. The
electrometer remote head was mounted on the vacuum station

which was, in turn, mounted on pneumatic cushions. This prevented
spurious capacitive signals, Vgg, induced by building

vibrations cr other sources of microphonics, from disturbing

the low-signal measuring capabilities of the Cary electrometer.
With this arrangement, currents smaller than 10-15 amps

could be measured with the electrometer in the damped mode.

1.2.5.2 Photoalectron Energy Distribution

The method of measuring the energy distribution of photo-
emitted electrons by the retarding gotential technique has
been previously discussed by Riach?2 and Eden5 and illustrated
in Fig. 1. The collector current, I, measured as a function
of the applied bias potential, Vapp- is related to the energy
distribution of photoelectrons by:

-]

p
I{E) = , N(E)AE, wh E = ~-e V 5
(E) ‘|() ere eapp (5)
E

It is clear?? that the desired quantity, N(E) is proportional
to the derivative of the retarding potential curve,

Two standard methods of electronically differentiating
the retarding potential _haracteristice were attempted and
the results compared. These were: the ac modulation-phase
sensitive detection technigues, described by Appelt and
Hachenbergze - analogous to the detection method used in
AES (described in Secc. 1.2.2) and secoundly, the dc time-
differentiation technique\,2
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J Using the ac modulation technique, shown schematically in
Fig. 10 (a), a small audio-frequency modulation voltage was
superimposed on the retarding potential applied to the inner
grids Gy, 63. The current reaching the outer collector was
amplified by a low-noise, 102-gain Ithaco preamplifier and

fed into a PAR HR-8 lockin amplifier. It can be easily

: shown that if the modulation amplitude is small (typically

20 mV) the amplitude of the fundamental frequency detected

by the lock-in amplifier is proportional to the energy
distribution function of the photoelectrcns, N{E).

TEVL
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| In the dc technique, illustrated in Fig. 10 (b) an
accurately linear ramp voltage was applied between the
target and G2,3 and the resulting collector current
was simultaneously, electronically differentiated.
Mathematically, it can be seen from Eq. 5, by implicit
differentiation with respect to time, that

ar{v) _ _ av -
3t = =N(E) 3t where V = Vapp' (6)

Thus if %% corresponding to the zpplied ramp voltage, is

- constant, the differentiated collector current is
proportional toc the energy distribution of emitted
electrons, N(E).

A direct comparison of the relative sensitivities of
the two techniques was made. Using the ac method, the
minimum total photocurrent needed for measuring energg
distribution curves (EDCs) was approximately S x 107
amps, whereas the dc technigue allowed measurements to
be carried out at nearly 1 x 10-14 amps., These results-
indicate nothing inherently inferior about the ac
technique, rather, they refiect the relative sensitivities
of the current-~sensing instrumentation availakle. Inter-
facing with the Cary vibrating reed electrometer greatly
favo.s the dc technique. Eden® has discussed the relative
merits of the two techniques in distorting structure in
the EDCs and claimed superiority for the ac technique. A
direct comparison of the relative distortion in the EDCs
was made by depositing cesium onto the crystal {increasing
the yield to allow measurement by the ac method) and by
subsequently comparing the EDCs taken at constant light
intensity and photon energy. The EDCs obtained by the
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two methods could be superimpcsed within a line-~width on the
recorder tryce. rfor practical purposes the methcds gave
equivalent structure and thus the large difference in ultimate
sensitivity greatly favored the dc technique.

The instrumentation used in the dc method was designed and
describad by Riach.?? The requirements for accurate dc
measurement of EDCs were met using operational amplifiers; as
an integra or which provided the linearlyaYarying ramp voltage
Vv(t) and as a differentiator, to measure Ji. The ramp voltage
was usually varied at .0l V/sec and could be maintained with
27 of this value over long time pegiods. The capacitive
component of collector current, C-é% (where C is the target~
collector capacitance) was nulled using a current bridge, which
fed a current to the electrometer input, to cancel the
capacitive svrrent. This was important since the capacitive
current at g = .01 V/sec. was on the order of 10-15 amps.

This was reduced to less than 10-16 amps using the capacitance
balance.

A shift of approximately 40 mV in the absolute energy of
structure in the EDCs. resuliing from a low-pass filter in the
differentiator section, was observed with a ramp voltage of
.01 V/sec. The determination of relative separation in
structure could be made more accurately than this, since the
filtering tended to broaden peaksin the EDCs rather thar to
shiit thewm relative to one another.

It may be surmised from this brief discussion that the
3 grids in the analyzer, needed for the ac technique, are
unnecessary, and perhaps deleterious, in the dc technique.
However, by proper bkiasing. thec grids may be used to some
advantage. Biasing the inner grid from 3 to &Y positi.e
with respect to the target (and cweeping it with tiie target)
provided a radial collecting field for photoemitted electrons
that was independent of the instantaneous value of the
retarding potential. This also minimized the magnetic field
distortions in the EDCs by providing greater collectcion
efficiency for electrons which were emittec with near-zero
kinetic energy. Biasing G, 3 at 1.6V negat:.ve with respect
to the collector provided an effective collection "well"
that prevented low energy electrons which were initially
reflected at the collector surfice from escaping collection.
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The energy “resolution" of the photoelectric analyzer, may
be defined as the system response to a delta function, §(E), of
electrons emitted from the focus of the hemisphere. This function
could not be directly measured due to the presence of other
factors which broadened the energy distribution of electrons
from the real crystal surface. However, an upper bouand on the
effective resolution; including non-monochromatic incident light,
magnetic fields and variations in sample and collector work
functions, could he made in several ways. Experimentally, EDCs
were obtain~sd near threshold whose width at half-height
approached 170 mv. However, due to the low photocurrents at
threshold, these were obtaineR” using a 10 sec. Jamping on ‘the
Cary electrometer providing an additional apparent broadeniny
Estimates of the resolution functien, using the high and low
energy intercepts of the EDCs characteristic of the clean Si
surface, as suggested by T.E. Fisher,3 corresponded closely
to this value.

Calculations of the effects of nonuniform emitter and
collector work functions upon EDCs has been previously
discussed.3'22 In brief, it should be noted that nonhomogeneous
emitter work function affects only the low energy end of the
EDCs. This follows from the use of the retarding potential
technique, which measures the energy of the emitted electron
with respect to the sample Fermi level (see Fig. 1l}. Hence,
electrons in the high energy region, although emitted wic..
varying kinetic cenergies (because of work function non-
uniformities)} appear at the same external kinetic energy
in the retarding potential measurement. A nonuniform emitter
work function, however, distorts the low energy end of the
distribution since the low energy cut-off is determined by the
sample work function. The "collector” work function uniformity
(in the mode shown in Fig. 10(b) actually grids G3,3)
contributed a 3mall portion total resolution function.

Since it is impossible to maintain the photon flux
constant at various wavelengths, an essential step in the
meaningful analysis of energy distributions was their
normalization so that the enclosnrd areas were in the
same ratic as the respective yieids. The areas under each
curve were measured with a planimeter and the spectra
normalized using appropriate scaling techniques. However
for accurate high energy edge measurements the photon enerqgy
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and flux were held constant and great care was taken that the
sensitivity of the Jdetection system was kept within a few
percent for the duration of the measurements, The high eneragy
edge taken under these conditions was a very reproducible entity
and its location could be reliably measured to 0,02 ev, The
effect of magnetic fields, emitter nonuniformity, nonideal
geometry and collector reflectivity changes tended to broaden
the distribution. Such broadening was not serious in this

study as the low energy edge was not employed as an experimental
parameter because an independent means of measuring work
function was available. However, except at very low currents,
the extrapolation of the low energy edge to the horizontal

axis occurred within 100 meV of the position of zeroc kinetic
cnergy calculated from h.v ~ ©s. No degradation of the high
energy edge was ever observed with changing the first grid
potential or the magnetic field within reasonable limits.

An average work function of Gj 3 was measured using the
Fowler technique. ? Grids 2 and 3 were grounded throucgh the
Cary electrometer with grid 1 and the metal collector main-
tained at + l2v with respect to ground. By illuminating the
grids with monochromatic light and by fitting the measured
yield to a Fowler plot, a work function value of oc = 4.30 + .05 eV
waa derived. This technique is, of course, valid only for
metals where the photothreshold couincides with the work
function. Determination of the collector work function, .,
thereby allowed a direct determina*ion of the Fermi level.
On each measured FDC, a reference position, corresponding
toc Vapp = 0, was marked. The Fermi level was then located
at (oo + V - hv) on the x (energy) axis. The potential
applied to grids 2 and 3 (Vg 3) by means of a battery was
1.60V + .02 as determined by measurement with a Keithley
602 electrometer.

Lastly, a few comments should be made regarding the
possible perturbations of photoemissions from grids
Gy,2,3- First, it should be recognized that the typical
pnotocurrents from metals are orders of magnitude lower
than from semiconductors due to the small absorption
coefficients and the strong electron-electron scattering
processes in metals. No contribution to the measured
yield due to photoemission from Gj ; 3 should be observed
since the only current leaving the target is measured. In
measuring the EDCs, however, the concern is that any
contribution from the grids, hcwever smzall, should not
appear in the high enerday edge region of the distributions
(as will be apnreciated later). Bracing Gy at 4-6v with
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respect to the target effectively displayed any contribution

from G;, at most photon energies, completely below the law

3 energy end of tl.e EDC envelope. Since Gy 3 was not swept, it

: provided a constant current to the collector and contributed
nothing to the EDC, wherever it appeared in the retarding
potencial characteristic.

o wmreasy s e

1.2.6 Sample Preparation

¥ The value of the experimentzl results to be presented

31 depended critically upon a knowledoe of the chemical composition
and structural order of the surface region. The structural
and chemical factors, affecting the externally observed photo-~
electric emission, existed in the two dimensional surface
array and to a depth of a few hundred A into the crystal. The
periodicity and cleanliness of the surface were monitored

by LEED and AES, respectively. The problems asscciated with
determining the depth profile of the chemical composition and
its effect upon the photoelectric properties was circumvented
by using nearly intrinsic high purity material.

The silicon sample was cut from 2 100 ohm-cm, n-type
Czochralski boule. The boule was mounted in a goniometer and
oriented in the (100) direction by etching in NaCF to expose
(100) facets and using an optical back-reflection method to
locate the 4-fold symmetric {100) direction. The sample
was then cut to give an 0.5 om® surface area (0.707cm x 0.707 cm x
0.40 cm), mechanically poiished and etched pricr to insertion
into the vacuum system,

1.3 Experimental Results

1.3.1 Characterization of the Clean Surface

Extensive3°'3"32'33 studies have been carried out on
cleaning techniques for silicon surfaces employing the criteria
of a good LEED pattern and a reproducible work function to
determine whether the surface was clean., In this study the
sample was cleaned by outgassing, sputter-anneal cycles with
frequent use of Auger spectroscopy to determine the degree
of cleanliness. An Auger spectrum taken uvf the contaminated
& surface before any cleaning treatments (Fig, 1ll) showed
{ oxygen and carbon to be the major ccataminants. The anomalous
p structure on the low energy side of the Si-Lj; 3VV transition
results from a Si-0 binding state., Attempts were made to
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reduce_the surface oxide by exposing the hot (300°C) silicon surface
to 10" “Torr sec. of hydrogen while facing a hot tungsten atomizing
filament., A subsequent huger spectrum showed that while no
reduction in the oxygen peak had occurred, the carbon signal was
dramatically reduced.

Several 2ttempts to produce a clean surface by sputtering
with argon ions (~ 200 eV) and subsequent annealing from 600°C
failed to produce a clean surface as evidenced by LEED and Auger
spectroscopy (Fig. 1l2a). The sample exhibited a vary weak 2 x 1
pattern and still had substantial oxygen contamination. If
electrcn bombardment heating was employed to supplement the
internal heater, sample temperatures of 1200°C could ke obtained.
buring such heating cycles great care was taken to reduce any
possibility of "cracking" carbon monoxide on the surface due to
the energetic electron beam (~ 1000 eV). Sputtering with 100 eV
ions and subsequent heating to 1100°C removed the surface oxide
but subsequent heating at lower temperatures (~ 600°C) caused
the segregation of potassium to the surface (Fig. 12b). The
potassium was present in the silicon sample due to a previous
study with energetic potassium ions. Further long-term out-
gassing (24 hours cycles) and sputter-anneal treatments enabled
the surface to be cleaned and to remain clean with subsequent
heating. The only impurity within tbhe detection limit of the
Auger spectroscopy {< 1¢ monolayer for most common contaminants)
was trace quantities of tantalum from the sputter unit (Fig. 1l3a).
The LEED pattern was that from a 2 x 1 domain surface structure
and exhibited strong half-order reflections. Although the
"quarter~-order" reflections reported by Lander and Morrison33
were diligently sought, no such reflections were observed with
incident beam energies down to 20 eV. The presence of potassium
or oxygen as a impurity caused a severe degradation of the
LEED pattern which, while still corresponding to a 2 x 1 domain
structure, exhibited only weak, diffuse half-order reflections,

1.3.2 Photoemission from Clean $i (100)
1.3.2.1 Photoelectric Yield:LEED

The photoelectric yield (electrons/incident photon) char-
acteristic of the Si(100) surface in varying states cf
cleanliness is shown in Fig, 14, The correction for reflectivity
was not made since its value changed by only 15 over the range
of photon energies used. Further, since the reflectivity was
constant at a particular photon energy, independent of coverage,
direct comparisons of uncorr-cted vield curves were valid.

The surface characterized by curve (C) was produced % low
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energy (< 300 eV) ion bombardment and subsequent heating to 600°C.
The Auger spectrum was essentially that displayed in Fig. 13 (a) -
indicating the presence of a surface oxide, corresponding tc ~ .0%
monolayers oxygen. Corrcespondingly, the LEED pattern (2 x 1) was
diffuse, suggesting an amorphous overlaver, The effect, upon the
photoelectric yield, of potassium contamination, due to the
diffusion of potassium to the surface, was to give a liarge increase
in vield and a much lower photothreshold than observed for the
clean case (Fig. 14A). The amount of potassium responsible for
such a change was estimated to be ~ 5% cf a monolayer (calibrated
from the data of Weber and Peria). 4 Using the Auger spectrum

as a gauge of surface cleanliness and the LEED pattern as a
monitor of surface order, the Si1(100) surface yieldinyg the two
sets of data fitting cuxve (B) in Fig. 14 represents (within our
detection limits) the clean surface. The slight deviation

in the two data sets in curve B could be caused by a slight

trace of K which was well below the quantitative detection limits
of the AES spectrometer (zpproximately .1” mcnolayer). The

LEED pattern characteristic of both surfaces was an intensge

2 x 1 pattern at 48 eV. These results and the approximate
photothreshold shifts relative to the clean surface {curve B),
are summarized below:

TABLE 1

Characterization of Sputtered-Annealed Si(100) Surfaces

Curve LEED Pattern Contaminants (From Photothreshold
huger Spectrum) shift
A 2 x 1 (Weak .05 monolayers ~0.50 eV
1/2 order) potassium
B Intense 2 x 1 Clean 0
C Weak 2 x ) .05 monolayers +0.10 eV

oxygen + carbon

The salient feature of the spectral daependence of the photo-
electric yield in Fig., 14, independent of the surface condition,
is the existence of two distinct regiocns separated by a "knee" or
transition region in the ~ 5.0 oV photon energy range. We shall
anticipate a result of thia ntyv y, dincussed in Sec., 1.4.2; that
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the spectral vield curves in the low quantum efficiency regions

(Y(hv) < 1073) for clean und cesium-covered silicon could be

fitted by a power law dependence, viz.,
3 or 5/2

Y(hv) = Cl(h\'—&ss) + c (hv+ P,

3 or 5/2

The significance of the subscripts used to denote the photothresholds
will become meaningful later in this section. For clean silicon,
shown in rFig, 14, the experimental limit in the photon energy

(5.5 eV) precluded unambiguous fitting ot the data for the higher
yield emission process (hv > 5.0 eV) and determination cf its
photothresheld, @v. However, the lower yield emission process

could be fitted closely to a power low dependence (with n = 3 or 5/2)
as shown in curve D (inset) in Fig. 14, Shown in curve D is

a straight line fitting to the spectral yield data (curve B)

plotted to the 2/5th power. The extrapolation to the abscissa

axis indicated an apparent threshold (= §gg) of 4.5 £ .05 eV.

It should be noted that, even without reverting to a particular
model to darive the photothreshold, the value of 4.5 eV could

have been estimated from examination of the spectral yield

{curve B) in Fig. 14,

The czffect of reflectivity corrections upon the preceding
data is shown in Fig. 15. The clean Si{100) data, from curve {B)
Fig. 14, and the data corrected fcr reflectivity, using the
tabulated data of R.C. Eden® are shown for comparison in curves
A and B, respectively. It should be noted that applying the
reflectivity correction to the yield data does not change the
qualitative aspects of the spectral yield.

1.3.2.2 Photoelectron Energy Distribution

The spectral denendence of the differential yield dy(hv)/dE.
for clean Si:{100) is shown, for photon excitations in the
5.0 -~ 5.5 eV 2nergy range, in Fig. 16. In these curves, a
linear extrapolation of the rapidly decreasing low energy edge
of each EDC to the abscissa was made. This procedure remcved
electrons from a tail in the exnserimerntal curve which extended
to negative kinetic energies, T.is tail, which arises from the
finite resoluticn of the analyzer, is discussed in Secs. 1l.2.5
and 1.4.2,2. Subsequent to the extrapolation procedure, the EDCe




bty ¢ f20 24

R AR ASLN AL LA s bl

[ AT TRAEATRASE e Ty VT AR RS

TIE OrIR EYIMN

Rt SalRLE S M At e f 2 2
At f X

25

in Fig. 16 were scaled so that the areas under each curve were
proportional to the spectral yield at the corresponding quantum
energy. Since the reflectivity, p, varied by only approximately
5% over this energy range, no correction was made in the
normalization. These curves, with the abscissa plotted as E -
Ef~hv, display the energy of the initial state, relative to the
Fermi energy (0). The Fermi energy was determined within ¢

50 meV using the relationship

Ep = (o, + Vg, 3-hv) (7)

as discussed in Sec. 1.2.5.2. Constraints upon obtaining exact
normalization of EDCs in Fig. 16 arose from the indeterminacy

in the area under each EDC (due to the linear extrapolation
procedure} and by the normalization to the uncorrected yield.
The reason for using the latter will become clear when the
origin of photoelectric processes observed in Figs. 14-16

is discussed in Sec. 1.3.2.2. However, independent of our
ability to obtain exact normalization of the energy distributicn
curves (EDCs) to the photoelectric yield., several features of
the EDCs are quite striking. <Comparison of the photoelectric
yield {(curve B, Fig. 14) and the above EDCs, yields corroborative
evidence that two distinct emission processes were responsible
for the photoelectric yield from clean Si(100) in the observable
energy range. The lower threshold process was clearly indirect
as seen from the coincidence of the initial states (high

energy edges of the EDCs). Further, it is clear that emission
from states occupied up to the Fermi level (0) was observed.,
Hence, either the clean S$i(100) (102 ohm-cm, n-type) surface

was degenerately p~type at 200°K or emission from filled

states lying in the band gap was observed.

EDCs at lower photon energies were not taken due to the
detection limitations of the energy analyzer. The clean
surface EDCs shown above were measured typically at maximum
photocurrents of 3 x 10-14 2. At 4.9 ev the total photo-
current was less than 1 x 10714, and the signal levels were
comparable to the background noise. However, at hvz 5.0 eV,
the EDCs were reproducible, usually within 10 meV - egpecially
in the region of the high energy edges.
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1.3.3 Characterization of Cesium~Covered Si(100)
1.3.3.1 Work Function Measurements

Having established, through the use of Auger Electron
Spectroscopy, photoemission and LEED, the attainment of a
clean Si(100) surface and, f{as discussed in Sec. 1l.2.4.1),
the avility to deposit Cs ions with minimum contamination,
the change in work function vs. cesium coverage was measured.
In Fig. 17 is plotted the woark function vs. cesium coverage,
8. The fractional cesium coverage, 8, is plotted on the
basis of one adsorbate atom per surface atom; thus, for
Si(100), full coverage (8 = 1) corresponds to 7.4 x 1014
atoms/cm?. The ordinate values must be viewed as tentative
since no accurate method for measuring the absclute work
function of the ciean Si(100) surface was available in the
experimental system. The initial value (8 = 0) of 4.6 eV
was determined from analysis of the spectral yield photo-~
thresholds together with the corresponding sets of energy
distributions. This assignment is of secondary importance
at this point and will be tested in terms of its consisten~y
with the accumulated photoemission data. However, the total
work function change, due to cesium adsorption, could be
accurately determined from the retarding potential measure-~
ments. 1Its value of Am = 3.3 eV could be reproduced within
~¥, independent of the number of deposition steps used in
attaining maximum coverage. A work function minimum was
reached at approximately 0.43 + .0Z monolayers Cs coverage.
Further deposition (8 > .43) resulted in an increased
work function, within the normal measurement time after
deposition (5-10 minutes). However, if the system was
allowed to equilibrate, the work function returned to
the minimum value. The transitory effect is indicated
by the dotted line in Fig. 17.

Subsequent to the completion of the studies on cesium-~
covered Si(100), the effects of the addition of oxygen to a
fully cesiated surface were investigated. Approximately
10”7 Torr-sec oxygen was leaked into the system until the
photocurrent at hv = 2.9 eV was maximized (the photoemission
results are presented in the next section). The effect
of oxygen admission was a further reduction of ~ 0.200 eV
in the work function, as shown by the triangular point in
Fig. 17. Care was taken during oxygen admission to
minimize ~oncurrent formation of CO. This was accomplished
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by turning off all filaments in the system (including the mass
spectrometer filament) during oxygen admission. It has been
previously observed using the mass spectrometer, that a hot
filament made ar efficient oxygen-to-CO converter - probably
due to the presance of carbon residues at the filament surface.
However, the presence of either oxygen or CO adsorbates on

the cesium-covered surface could be easily distinguished: small
doses of oxygen invariably increased the photoelectric yield
whereas CO adsorption decreased the yield in all coverage ranges.
Secondly, the photoelectric yield of the oxygen~cesium covered
surface 4id not change under the influence of electron Lombard-
ment whereas the CO ~ould be easily dersorbed, causing an
increase in the photoelectric yield.

1.3.3.2 Photoelectric Yield from Cesium~-Covered Si(100)

The saliient features of the spectral yield, resulting from
the deposition of submonolayer quantities of cesium, were a
precipitous increase in the photoelectric yield and a decrease
in the photoelectric threshold, the latter moving from the
ultraviolet (4.6 eV) to the near-infrared (1.30 eV) as shown in
Fig. 18. Plotted is the gpectral yield (uncorrected for
reflectivity) as a function of cesium coverage (8 = 1-7.4 x 1014
cesium atoms/cm2).

Prominent structure appears in the yield curves, mainly for
@ > .155., A discussion ¢f these features, in terms of features
in the reflectivity and joint density of states in silicon will
be carried out in Sec. l.4.2.1. It is only important to note here
that these features are associated with volume photoemission
processes in silicon.

1.3.3.3 Photoelectron Energy Distributions from
Cesium-Covered Si(100)

It is clear from the spectral yield data of the previous
section that the adsorption of submonolayer quantities of
cesium extends the ability tc observe photoemission from
deep-lying valence band states, which were previously inaccessible
(at our limiting photon energy hv =~ 5.5 eV} due to the large
clean~surface work function. 1In the following presentation
of photoelectron energy distribution curves (EDCs), several
methods of plotting the raw data will be used to emphasize a
particular aspect of the information gained from the EDCs. 1In
the regions of high photoelectric yield (approximately Y > 10~
for @ > .155 monolayers) our main interest will be characterization
of the dominant emission processes (direct or indirect) which
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are related to the energy band structure of the solid. Correspondingly,
the data will be plotted without normalization to yield, on an )
energy scale that emphasizes the movement of structure in the EDCs

with rhoton energy.

It was of greatest inter~ st in this work to characterize the
emission processes prevalent in the threshold region (approximately
Y < 10~4 for 8 <« .155 monolayers). The EDCs from the threshold
region will usually be plotted with the ordinate normalized to
the yield/absorbed or incident photon and the abscissa (energy)
plotted as E - Ef - hv (to reveal the energy of the initial state).

The seeming uncertainty concerning normalization of tne EDCs
to the corrected (for reflectivity) or uncorrected yield should
be briefly discussed since it involves a predisposition toward
an interpretation of the origin of the threshold emission
processes. Normalizaticn of the EDCs to the absorbed photon
flux using tabulated reflectivity values, obviously presupposes
that the total yield originates in bulk processes. This
assumption is certainly valid over the high yield spectral
regions., However. the compilation of our evidence will reveal
that the threshold emission process in Si(100) is characteristic
of amission from localized surface states, lying in the forbidden
band gap. Hence, a bulk reflectivity correction to the
normalized yield is incorrect. The approach followed in
normalization was to correct for reflectivity where the surface
state emission was a small portion of the total yield and to
normalize to the uncorrected yield where the surface state
emission dominated. The latter followed from the experimental
observation that the EDCs characteristics of surface state
emission formed within experimental =rror, a common envelope
when normalized to the uncorrected yield. This suggested
that the "reflectivity" characteristic of the surface state
emission is essentially constant in the optical energy range
The only difficulty in normalization arises when the yield
from the bulk and surface processes are comparable in magnitude
as for clean Si in Fig, 16. Howecver, this will be of no
practical impo:rtance since, for 8 > 0, the pkotoemission
processes can be well characterized without use of the
information available from this transition region,

Shown 1n 7igs. 19-22 arc the normalized EDCs characteristic
of silicon at 9 = 0.155, ~ 0.25 ané 0.43 monolayers cesium
coverage. The data for 9 = 0 27 is subject to uncertainty
in that oxygen could also be detected on this surface. This
contamination however does aot effect the generalized
digcussion for which such distributions were employed., Dis-
tributions from surfaces which were slightly contaminated
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with oxygen were not employed for surface sensitive studies such
as surface potential determinations or work function changes.
The photon energies used at a particular coverage were chosen

to span regions of the photoelectric yield dominated either by
volume or by surface emission processes. The energy scale

E - E¢ - hv was established, as discussed in Sec. 1l.2.5.2, by
measurement of the collector work function.

EDCs: 0 = 0.155

e —

Figures 19 and 20 show normalized EDCs from 2.80 tc 5.0 eV
photon energies for a cesium coverage of 0.155 mecnolayers.
The high energy edges of the EDCs at 5.0 and 4.0 eV in the volume
emission region of Fig. 19(a) show close correspondence. The
slight divergence of the curves in the surface state emission
region was probably due to, as previously discussed, the non-
applicability of the reflectivity correction in this region.
The division of the ERCs into volume and surface state emission
showed by the dotted lines is intended to be only qualitative.
Also shown in Fig. 19(a) is an expansion (x 10/3) of the volume-
surface emission threshold region, clearly showinoc the agreement
in the volume emission high energy edge. 1The EDRCs at hv = 3,85
and 3.70 eV (where volume emission processes start dominating),
uncorrected for reflectivity, shows good agreement in the
surface state emission region, To illustrate the coincidence
(within experimental error) of the surface state emission EDCs,
a direct trace of the experimental data from the X-Y recorder
output (not scaled or replotted) is shown in Fig. 20(a).
Prior to each run the recorder X axis was shifted by the
change in photon energy Ahv, otherwise the exper:amental
conditions were identical for each run. The experimental
correction factor, ~(h,’) in Eq. 4 varied by only 104 over
the photon energy range used., Thus the data shown is
approximately normalized to the uncorrected yield. Interesting
features of these curves are; the coincidence of the high
energy edges, indicating convincingly the indirect nature of
surface state emission, and, the structure in the EDC taken
at 3.70 eV, showing the distinct contribution cf the more
efficient volume processes. Further decreasing the photon
energy and normalizing to the uncorrected yield, which lies
in the range 10~6 < Y < 10"5, provides EDCs characteristic
of the surface state emission region, as illustrated in
Fig. 20(b) for hv = 3,00 and 2.80 eV. The effect of the
photoemission analyzer limitations, which contributes
clectrons below the apparent zero of kinetic energy is
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shown by the dotted line extending as a tail on the hV = 2,80 eV
distribvtion. This phenomenon was found to contribute substantial
uncertzinty in the low energy cutoff nnly near the surface state
thresheld, where the total photocurrent was < 10-13 amps.

EDCs: 9 = 0,25 (+ oxygen)

The existerice of an oxygen-containing surface contaminant
ghould not affect the characteristic volume photoemission
processes, other than by altering the range of accessible
initial states through alteration of the work function., Figure
21 shows the relationship between EDCs at 5.0 and 4.5 eV photon
energies and an expansion of the threshold region. The latte:r
shows similar behavior to the surface state emission region
for 6 = 0.155 monolayers. The EDCs shcwn give clear indication
of neither direct nor indirect optical transitions. Simiiar
behavior in the volume emi:sion processes is also seen for
hv = 4,25 and 4.1 eV, as shown in Fig. 22(a). However, the
high enexgy edges near the surface state threshold show
convergence as clearly acmonstrated by the x10/3 expansion.

An interesting feature of these EDCs is the sharp onset for
surface state emission, as shown by the x100 expansion. for
photon energies hv = 4.0 eV (Y < 7 x 10~4), the correspondence
of the high enercy edges was excellent, as shown in Fig. 22(b).
This result indicates more clearly than for the ¢ = 0.155 EDCs,
the indirect nature of the volume emission at photon energies
approaching the valence band emission threshold. The surface-
state~emisgion EDCs showed similar behavior to those for

@ = 0,155 (indirect threshold) and would only add redundancy
to this presentation.

EDCs: @ = 0,43 (Full Coverage)

At full coverage the maximum capability to probe the
initial valence band svates, determined by hy - o, was reached.
Energy cdistribution curves, taken near the photon eanergy
limit of the probing capabilities for deep-lying valence
band states, are shown in Fig. 23 for hy = 5,4, 5.1 and 4.8 eV.
This high yield reqgion cannot be characterized in tesms of
indirec' transitions from the same initial state nor direct
transitions (unless the conduction bands are flat over the
range of interest). Figure 24(a) shows a slightly truncated
gset of FDC's at hy = 4 8 (for comparison). 4.2 and 3,9 eV:




31

It can be observed that as the photon enerygy decreased, the high
energy edges cf the EDNC's tended to merge, Figure 24(b) illustrates,
rather convincingly, the onset of the indirect ewmission threshold
and the mixed (indirect and direct) nature of the optical
transitions in this region. The transition between lirect and
indirect processes is particularly evident in the hv = 3,9 eV
curve in (b). As can be seen from both the EDCs and the spectral
vield onrve, the influence of the surface state emission in this
region is minimal, Additional EDCs at lower photon energies will
be introduced where appropriate to the discussion in Sec. 1.4.2.
However, their qualitative behavior (indirect) was identical

to those obtained at lower cesium coverages.

In Figs, 25 and 26 are piotted, on a hurizontal energy
scale corresponding to the external kinetic energy, the
unnormalized EDCs for S$i(100) at full cesium coverage. The
relative magnitudes of the curves are arbitrarily assigned, to
provide maximum clarity. Figure 25 illustrates the invariance
with photon energy of a prominent peak (labeled I) in the EDCs
measured at hv = 5.8, 5.4 and 5.1 eV. Also appearing is a
peak (or dip), III, on the high energy edge of the EDC at
hv = 5,85 eV. The latter photon energy could be utilized
only for measurements on high yield surface (i.e. fully
cesiated), due to the rapid decrease in intensity at hv < 5.5 eV.
At lower photon energies, an additional feature, perk II became
prominent and appeared stationary in energy independent of
the photon energy for hv > 3.9 eV. However, due to its
location near the emission threshold (at zero kinetic snergy),
its assignment as z tiue peak must await further wverification.

1.3.3.4 Dpetermination of |E - Efl vs. Cesium Coverage

The establisbment of an indirect threshold for valence
band emission, Ssc. 1.3.3,.3, assures us that the highest
emitting valence band state observed was characteristic of
the vaience band maximum at the surface (with qualifying
assumptions discussed in Sec. 1.4.2). Thus, in principle,
the determination of the ssparaticn ol the highest emitting
valence band state and the surfacce Fermi levrel could be
determined by direct measurement in the high energy threshold
region of the EDCs. In practice, only shifts of the Fermi
level relative to a fixed reference could be measured. This
refarence may not have corresponded tc the highest-emitting
valence band state but cecrtainly was stationary with respect
to the true maximum., This fixed reference was chosen to be
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the linear extrapolation of the high energy edge of the valence
band emission as denoted by E;, in Fig. 27. Shown in Fig. 27,
for illustration, is an experimental.ly observed EDC in the
valence band-surface stats emission transition region taken

at hy = 5.2 eV and at a cesium coverage of 0 = 0.144 monolayers.
Similar data was taken at this fixed photon eacsrgy and constant
incident photon flux at cesium coverages of 0 = 0, G.031, 0.062,
0.093, 0.124, 0.155, 0.1i86, 0,248, 0.310. 0.372, 0.435 and 0.497
monolayers. The relative yield (a area) of this surface emission
region with respect to the region of efficient volume vrocesses
in the EDCs is, of c¢ourse, a function of cesium coverage and

can be estimated from the data in Figs. 19(a), 21 and 22. The
relative shift in the Fermi level with respect to Ey' upon
fully cesiating the silicon crystal was found to be 0.35 4+ 0.050 ev.
This shift was measured from the above data and from previous
data taken at various photon energies (under less stringent
experimental conditione) as a secondary check. This check
congisted of taking an EDC from clean and cesiated surfaces at
photon energies of the order of 1 eV above the photoelectric
threshold. The results were in good agreement with the
calibrated run plotted in Fig. 28. The data is plotted
normalized to a ciean surface value (E, - EF) of 0.300 ev

(which is within 0.020 eV of E,'), a value consisten: with

the photoelectric data from the clean surface as will be
discussed in Sec. 1l.4.3. From Fig. 28 it can be seen that

the difrference between the Fermi level and the valence band

edge increases with initial depositions of cesium, passing
through mid~gap at 8 = 0,05 monolayers, reaching a saturation
value of ~ 0,650 eV at © = 0,08 monolayers, Further cesium
deposition causes no further band bending.

1.3.4 Gas Adsorption on Clean and Cesium~Covered Si (100)

A rather cursory examination of the effects of the adsorption
of 0, and CO upon the photoemissive properties of clean and
cesium-covered silicon was carried out,

1.3 4.1 <O Adsorption

It has been postulated previously39 that CO adsorption has
deleterious effects upon the photoelectric yield from cesium~
covered gallium arsenide. It was also observed that electron
beam impact on the Q0 contaminatel surface effected a return
to the original yield. Similar results were found
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for the cesium-silicon system. The photocurrent from a fully

cesiated silicon surface at hv = 2.50, 2.90 and 3.5 eV was monitored

before and after a CO exposure of approximately 10-4 Torr secs.
The CO was produced by outgassing a Bayard-Alpert gauge present
in the system., Mass spectrometry showed that ambient produced
from such a procedure was 994 CO with slight amounts of CO, and
Chi. The results are shown in Table II in terms of the sample
photocurrent, Io: at a constant reference photocell current;
hence the ratios are proportional to the ratios of the absolute
yields. The photocurrents after electron beam impact with the
surface (as a result of an Auger spectrum being recorded) are
shown in the last column on Table II. It is seen that the
results are similar to those observed previously on GaAs.
Monitoring the ambient gases with a mass spectrometer during
the desorptisnn processes confirmed the correlation between the
recovery of the photoelectric yield and the desorption of CO
(and 2 smaller quantity of <03).

1.3.4,2 Oxygen Adsorption

As previously discussed in Sec. 1l.2.3.2 an oxygen exposure
of approximately 108 Torr-sec produced an increased photo-
electric yield (Fig. 18) and a reduction of approximately
0.20 eV in work function (Fig. 17) when adsorbed onto the
cesiated siiicon surface. No additional lowering of the
work function, or increase in the photoelectric yield,
was observed after 4 additional cesium/oxygen cycles. However,
due to experimental licitations (obvious from Fig. 5),
the photoelectric yield could not be monitored simultaneously
with :esium deposition:; thus, the photoelectric yield could
not ‘e optimized with -esium coverage as was done with
oxygen. No measurable shift in the surface Fexmi level
using the techniques of Sec. 1.3.3.4, could be detected
after oxygenation of the cesium-covered surface. The
effect of oxygen adsorption cnto the clean silicon surface
was manifested by an increase in photocurrent by a factor
of 102 at a fixed photon energy (hv = 5.4 eV), however, only
wkile maintaining an oxygen partial pressure of > 107 rorr.
Closing the oxygen source caused a rapid decrease in photo-
currer.t to within 54 of its original value. This increase
in current may have been associated with electrong excited
by the energx released by the oxygen-silicon reaction i.e.
Chememissior.4? cr released by photon zbsorption. Unfortunately
no measuremen-s were taken in the absence of the external
photoexcitation,
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1.3.4.3 Auger Spectroscopy of Si(lG0) - (Cs + 02)

An observation of practical and perhaps theoretical interest
was made from the comparison of the Auger spectra characteristic
of cesium-covered and cesium--oxygen-covered silicon. In Sec. 1l.2.4
it was noted that, by monitoring the characteristic high energy
O:KI:,LL. and Cs: M4 5Ny 5N4 5 Auger transitions, important
information relative Eo the oxygen contamination emanating from
the cesium zeclite source, or from the ambient, could be gained.
It is well known, that the most prominent cesium Auger transition,
an O1N4,5N, 5 doublet (2 eV separation), occurs in the low
enaxqgy region, near 47 eV. 1Its relationship in energy znd its
relative magnitude in comparison to the Si:Ly 3VV transition,
at full cesium coverage is shown in Fig. 27(a), curve B
(amplified x 100). It should be noted that the ratio of Cs/Si
peak heights (as msasured by their peak-to-peak deflection)
was .88 ¢ .,01/1.0. This ratio was found in all cases, within
experimental errox, for full cesium coverage on siiicon. The
absence of oxygen contamination on the surface can be seen by
the lack of a recognizable O:kLL transition in the 500-520 eV
energy rarnge of curve B. However. the addition of approximately
108 Torr-sec. oxygen, in the process of obtaining maximum
photoyield, produced a rather startling result, as shown in
Fig. 29(b), curv. A'. The final Cs/Si peak ratio in this case
was approximately 1,1/1.0. The presence of oxygen on the
surface was verified by the O:KLL transition prominent in
curve B'., This experimental evidence was repeatable and
followed, without exception, the trend that the Cs/Si
peak ratio increased monotonically with oxygen coverage. The
amplification specified on each curve is relative to that
used for curve A. From the comparison of the amplification
factors and the magnitude of the peaks, it can be seen that
the Si:Lp 3VV peaks in A and A' remained essentially constant
and that the relative magnitude of the high energy cesium
doublet in curve B' decreased relative to that in B. The
latter perhaps was subject tc 10% error in determining the
relative gains. The consequence of this cbservation is that,
care rust be taken to determine the interactions of the entire
adsorbate-substrate system pefore determining adsorbate
dengities from ? peak magnitudes.l5
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1.4 Discussion
1.4.1 Attainment of Clean Si(100)

As previously mentioned (Secs. 1.2.6 and 1.3.1) the analytical
techniqves for the determination of a clean, well-ordered surface
were Auger electron spectroscopy and lcw energy electron
diffraction (IEED). The detection limits of the present spectrometer
were < 0,005 monolayers for oxyger, sulphur, carbon and the
alkali metals. The detection limits for tantalum and tungsten
(possible contaminants arising during sputtering) were not
quantitatively known but from existing data%6 it was felt that
< 0,005 monolayers was also a fair estimate for such elements.
The conclusion of this study was that a clean, well ordered
surface of Si(109) can only be cbtained after leng outgassing
treatments (~ 1000°C) followed by sputter annealing cycles
employing 10C eV argon ions and annealing temperatures of 1000°C.
After such treatments the silicon surface had no impurities
greater than 0.005 monolayers and remained clean with typical
experimental procedures. The LEED pattern was that from a
2x1 domain surface33 and did not exhibit any other reflections,
This is contrary to the work of Lander and Morrison who also
observed incomplete quarter-order reflections at incident
beam energies below 70 eV. The existence of such reflections
was explained bv Lander as the result of two classes of sites
along the (11) direction, one producing quarter-order reflections,
the other only half-order reflections (see Fig. 2, Ref, 33).

As quarter-order reflections were never observed in this
study it is impossible to state whether such reflections
result from impuritie- or from another mode of ordering at
the clean surfuce. It can only be stated that the Si(100)
surface, shown to be clean by Auger electron spectroscopy
exhipited only reflections characteristic of a 2 x 1
domain surface structure,

1.4.2 Characterization of Optical Transitions in Silicon

Although the principal interest in this work was tc
characterize the emission processes from clean and cesiated
silicon in the low photoelectric threshold regic¢n, and thus
to determine the change in surface potential of silicon (109)
upon cesiation, it was previously noted that the structure
in the high spectral yield region and the corresponding
EDC's contains information regarding the nature of the
dominant optical transitions. The photoemission data
presented in Sec. 1.3 will be discusscd in two sections.
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The first will attempt to correlate the high yield data in
terms of optical transitions and band structure while the second
will digscuss the transitions res onsible for the threshold emission,

1.4.2.1 Interpretation of the High Yield Photoemission
Data

Prominent structures in the photoemission data (spectral
yield and energy distributions) of silicon have previously
been attributed4:3.42 to direct optical transitions between
states with a high joint density. Briefly this follows from
a completely classical descripticn of the optical propeities
of the solid in terms of the complex dielectric constanc
e(w) =84 (w) + iky(w). The prominent loss (or absorption)
mechanisms in the optical frequency range described by the
imaginary part, £2(w), is due mainly to interband transiticns
between filled (valence band) and empty (conduction band)
states. It was shown?0,42,43 that maxima in the optical
absorption data occur die to the onset of direct transitions
(vk[Ec(K)~E\ (K)] = 0) between states with high joint
densities. Phillips44 has shown that such conditions are
frequently found in the high symmetry directions in E vs.

k space. Structure in py(w) can be shown to be directly
related to structure in the reflectivity, ¢, the parameter
relating incident flux to the absorbed fiux., Thus, in
principle, the characterization of the optical transitions
in silicon and the relationship of these transitions to the
structure observed in photcemission data ~an ba accomplished
by correlating such data with the E vs. k topography and

the optical constants,

Unfortunately there are considerable discrepancies
in the numerous43.46,47,67 energy band calculations that
exist for silicon. The dominant discrepancy is the
separation between the valence and conduction band at the
high point density of states around the T symmetry join%:.
Herman assigng the direct gan (125, T15) to have a
separation of ~ 2,4 while the other calculations set the
separation to ke ~ 3.5 eV. The E vs, k diagram
calculated by Cohen and Bergstresser®7 was employed in
this discussicn with a direct gap of 3.5 eV and is
illustrated in Fig. 30, together with that of Hermun4S.
The choice of this regresentation wag that of consistency
with previcus authorsé¢.5 and that it represented the
most widely used band structure. The accessible final
states lving above the vacuum level for clean and fully

cegiated gilicon are shown hy the intersection of the
E vs. k diagram with dotted lines Byze(Ce) and Bygco{clean),
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For photon energies less than the direct gap (3.5 eV) the
optical absorption length is very long and the only energy
loss mechanism of significance is that of electron-phonon
interaction. Because the vacuum level was well above the
conduction band minimum, thermalized electrons diffusing in
the conduction band minimum could not escape and thus only
"hot" electrons were externally observed. Sjnce the mean free
path for electron-phonon scattering® is ~ 60A an electron
escaping from one absorption depth would undergo many collisions
and lose a considerable amount of energy. Eden has employed
a simple model employing phonon-electron scattering and shown
that the spectral yield should have a cubic energy dependence
and the corresponding EDC's should be parabolic. The
experimental data observed in this region, neglecting the
surface state contribution (see Sec. 1l.4.2.2), were
sonsistent with such a model.

As the photon energy is increased to beyond the direc*
gap separation then direct transitions can occur. The absorotion
depth feor photons becomes much smaller and at high photon
energies electron-electron scattering can occur. As the
loss of large amounts of energy by the inefficient phonon
electron interactions becomes less probable the energyv
distribution of emitted electrons represents more directly
structures in tne excited electron energy distributions.

The use of energy distributions to determine the nature of
optical transitions has been briefly discussed in Sec. 1l.1.3
where it was demonstrated how such data should allow one to
distinguish between direct and indirect transitions. If
only direct transitions are allowed then, in general,

energy distributions will not extend up to Ejn¢ = hv (Fig. 1)
since such trancitions are only possible if there exists

a final state at an cenergy of hv above the valence band
maximum, having the same k value as does the valence band
maximum. Similarly, structure in the energy distributions
will tenc to move with changing photon energy by an amount,
derending on the E vs. k topography, but usually less

than Ahv. 1Indirect transitions however will be charac-
terized by energy distributions that always extend up to
Eint = huw Structure in energy distributions due to
indirect transitions will move with increments equal to

the change in photon energy if the initial state remains
constant, while structure due to a given final state will
remain fixed as the photon energy is varied., Of course

such behavior could also result from direct trangitions if
the respeciive energy bands were very tlat over a3 wide range
of k space.
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The photoemitted electrons are collected and sorted as to
their kinetic energy. The zero point is determined by the low
energy cut off and is thus subject to any error in such a
determination. Furthermcre, in order that a meaningful
interpretation can be made, the external kinetic energy must
be converted to an electron energy above the valence band
maximum so that the final state can be ascertained. Thus a
knowledge of hoth the work function and |Ep-Ey| is imperative.
The com>lnation of these uncertainties with the inherent
unreliability in the knowledge of the band structnure makes
any interpretation necessarily qualitative., Previous
workers?‘> have asaumed that the cesiated surface is
degenerately n-type and thus IEF-EV‘ is equal to the hand
gap and the work function equal to the photoelectric threshol-’.
Both the work function and |Ep-Ey| were measured in this
experiment. The ilues 1.3 eV and 0.65 eV respectively
were obtained for fully cesiated silicon.

The photoelectric energy distributic—s from fully
cegiated silicon {100) are snown in Figs. 23, 24, 25 and 26.
The dominant structures are peaks 2t a kinetic energy of
2.2 eV, observed only at high photon energies, and at 1.6 eV
observed at all photon energies abcve 3.8 eV. The latter
was invariant in its energy position over a wide photon energy
range. Very littlie can be said about the high energy peak
at 2.2 eV as the threshold for the appearance of the structure
was very near the high energy limit of our photon energy
range. However its threshold and its position above the
valence band maximum of 4.2 eV is consistent with the onset
of direct transitions of the nature L3, L3. By far the
more prominent structure is the peak at a kinetic energy
of 1.6 e¥. This peak has been cbserved by Gobeli and Allen,
and Eden’® and has, together with the photoelectric data in
general. been assigred to from direct transitions, The
reassignment of this peak to 3.5 eV above the valence band
maximum {compar~d to the values of .. 4.0 eV previously
employed) due to definite knowledge of |Ep~Ey!. and the
observed invariance of this structure in kinetic energy
with changes in photon energy makes the interpretation
of such data solely in terms of direct transitions
questionable. That indirect transitions can occur with
cesiated silicon is demonstrated by the high yield (~ 10™2
electrons per absorbed photon) at energicss below the

2

Biais Attt Sndibb Sl R0 Ak SR AN AR A A NINTAGL LU AL | st il S0



Rl

40

direct gap separation, Similarly it will be shown that the
high energy regions of energy distributions from cesiated
silicon are characteristic of indirect processes (Sec. 1.4.2.2).
Thus it does not seem unreasonable to Jetermine whether
indirect transitions can explain the peak at 1.6 eV. As
mentioned previously the final state responsible for the peak
remained constant as photon energy was varied and lay 3.5 eV
above the valence band maximum. _This is the position of the
conduction band minimum at r15.67 Thus possible interpretatiocn
is that indirect transitions cccur from initial states to

™15. Such an assignment is far from unambiguous and it is
Jquite feasible that such anomalous structures can be entirely
explained by direct transitions. However, until accurate

pand structure and density-~of-state data is available, the
possibility of indirect transitions giving rise to such
structure in the EDC's cannot be dismissed.

The spectral yields from a partially cesiated and near
fully cesiated surface are shown in Figs. 31 and 32. The
prominent features were a sharp rise in yield at ~ 3.3 eV and
a valley at 4.4 ev. The optical transition strength ([hvlzaz)
showed similarly a sharp increase at 3.3 eV, a dip at
3.6 eV followed by a sharp maximum at 4.3 eV. The sharp
increase in yield is consistent with the onset of direct
(w.th possibly indirect) transitions between A3>» Ay around
the T symmetry point, As the final states were above
the vacuum level the photvexcited electrons could escape
and be externally counted. The maximum at 4.3 eV in
the optical transition strzngth is consistent with the
onset of X4-+X; transitions. As the final state was
below the vacuum level such photoexcited electrons could
not escape and thus produced a minimum in the spectral
yield and no corresponding structure in the EDC's.

To conclude, the ambiguity in the knowiedge of the
band structure and the limitation of photon energies
available precludes anything other than a qualitative
discussion of the high yield region of the spectral
yield of silicon. As such ambiguities do not in anyway
detract from the purpose of this study and the use of
optical parameters and kand structure to interpret
photoelectric data from silicon has been thoroughly
discussed by Eden,” any further discussion at this point
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would be redundant. The interpretaticn of the available data
is consistent with that of previous workers, within the
limitations discussed, with the exception that indirect
transitions cannot be neglected as contributing to the spectral
yvield.

1.4.2.2 Threshold Emissicn Processes

The remainder of this discussion will be restricted to
the threshold region of the spectral yield. The sensitivity
of the rhotoelectric analyzer allowed distributions to be
taken over the entire threshold region, allowing unambiguous
interpretation of the emission processes without recourse to
any band structure model.

It has been grevxously observed for group IV9'22 and
groups 11I-v7:47 semiconductors that the photcelectric
spectral yield near threshold could be fitted to a power
law, i.e.,

Y(hy) = c(hv - §" (8)

where n = 5/2 or 3. Experimentally the difference between

a 3 or 5/2 exponent plot could not be determined within the
limits of experimental error. Neither could it be determined
vwhether the process yieldzng the cubic (or 5/2) dependence

was due to surface states,4? indirect, 9:50 or direct51:
transitions. Thus determining the nature of the emission
processes by fitting the spectral yields to Eq. (8) vieldad
non-unique interpretations due tco the existence of many,
distinctly different, indirect processes having a cubic (ox 5/2)
energy dependence near threshold.

It was found in this study that the spectrzl yield curves
in the region of low quantum efficiency conuld be fitted by
assuming a power law dependence viz,

v =yt - §%7 4 ¢y - o

In the following discussion it will be shown that, by the
examination of the spectral yield together with the
corresponding EDC's, an uvnambiguous intarpretation of the
nature of these threshold photoemission processes and the
significance of the photothresholds @1 and @2 could be
determined.




Clean Silicon (100)

As previously observed in Sec. 1.3.2.1 the spectral yield
exhibited a distinct knee (Fig. 14), suggesting the existence of
two contributions to the yield curve. The lower threshold
contribution could be fit to a cubic (or 5/2) photon energy
dependence. The limitation of available photon energies to
those less than 5.5 eV precluded the unambiguous fitting of
the higher threshcld region o0 such a plot and thus the
identification of the emissicon process and the photoelectric
threshold were also precluded. However the limited daca was
certainly consistent with two indirect processes with >hoto-
electric thresholds at 4.55 eV and ~ 4,90 eV.

The corresponding EDC's (Fig. 16) gave additional evidence
of the existence of two distinct emission processes contributing
to the observed spectral yield. There is no doubt that the
lower threshold process is indirect, due to the coincidence of
the initial :tates responsible for the high energy edge ir
the EDC's. However, the assignment of the higher threshold
to indirect processes is ambiguous. This ambiguity, as
mentioned previously, would indeed occur if the emisgsion was
due to contributions f£rom both bulk and surface transitions, due
to the difficulty in accurate normalization of the surface
state emission (non-applicability of the bulk rveflectivity
corrections). As the lower threshold contribution, in the
case of clean silicon, was a very sizeable fraction of the
total yield, if the lcwer region were due to a surface process,
then it would not be expected that an indirect valence band
edge would fcra an "envelope” when the EDC's were displayed 2s
to show the initial states. Although neither the spectral
yield analysis nor the EDC's allowed an unambiguous assignment
of the two processes to surface state emission and irndirect
valence band emisgion, the overall analysis of the photcelectric
data favored very strongly such an interpretation. The model
proposea is that the clean Si(100} surface, produced by
sputter-annez2ling techniques, has a work function of 4.55 eV and
that the valence band at the surface lies 300 meV below the
Fermi level, with surface states filled up to the Fermi
level, The evidence for such an interpretaticn is summarized
below:

°
(a) As the voltage drop across 1000 A of the doped crystal
is only 21 meV and the escepe depths for photoelectrons are
less than this the silicon crystal can be considered as “"flat-band".
Thus the data must be explained by a model emploving direct or
indirect emission processes from an essentially flat-band surface.




43

(b) Ax the spectral yield showed a photcelectric threshold of
4.55 eV and the corresponding distributions showed that emission
wag observed from states extending up to the Fermi level then
the lower threshold must be equal to the work function.

{c¢) If the lower caergy contrioution in the EDC is not
that of surface state emission then Si(100) must be, and must
remain with cesium cover @, degensrately p~type. Such a
model would be entirely . consistent with previous work. The
only reported case of de .nerately p-type Si(100) was that
of Allen30 who measured specimens cleaned in glass apparatus
and contaminated with boron. Since the present experiment was
conducted in a metal bell-jar and constant use was made of
Auger spectroscopy, no such contamination waz present on the
clean surface.

(d) Both the spectral yield and the EDC's are consistent
with the proposed model especially if the reflectivity correction
for bulk processes is taken into account,

(e) It will be shown that as cesium coverage extends
the ability to probe into the valence bund that two distinct
indirect processes definitely exist. As the bulk (valence
band) contribution gradually outweidhed the surface state
contribution, at accessible photon energie.:, then the high
energy edges of the EDC's (e.g. Fig. 19i) fermed an envelope
when the distributions were displayed to show the initial
state. Although cesiation can change the position of the valence
band and alter surface gtate distributions it should not change
the emission processes responsible for the high energy esdge of
the distribution at a fixed photon energy. Thus the unambiguous
asgignment of the two threshold emission processes from silicon
with small quantities (e.g., 3%) of cesium to indirect
processes is strong evidence that the two similar processes
observed with clean silicon are alsc due to indirect processes.

Cegiated Silicon

As previously wentioned the iowering of the vacuum level
through the conduction band by deposition of cesium caused
a precipitous increase in the spectral yield (Fig. 18) of
silicon. ThLa spectral yield in the threshold region could be
fitted to a cubic or 5/2 energy dependence of the type
described by Eq. (9). This fitting was generally more reliable

gt aiay
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with increasing cesium coverage due to the availability of
data from the threshold region (photon energy limitations no
longer being a problem as in the case ~f clean silicon). Also
the separation between the two threshold emission processes
increased (Sec. l.4.3) with cesium coverage thus reducing

the effective region of overlap of the two processes in the
y2/5 plot. The plots showed two distinct linear regions
(e.g., Figs. 31 and 32) allowing the linear extrapclations

to the axis of the abscissa to ke made with relative certainiy.
correspending EDC's in the threshold region (Figs. 19, 20, 22
and 24) shewed that there were indeed two distinct processes.
If such distributions were plotted tc display the initial
svates then the coincidence of the high energy edges of both
processes were very evident. This, together with the 5/2
energy dependence of the spectral yield, is strongly suggestive
of two indirect processes being responsible for the threshold
emigsion from silicon. The lower threshold must be surface
state emission, unless the surfave is degenerately p-type, and
coincides with the work function of the sample, Also the
EDC's in this region were invariant with photon energy and
formed a common envelope when ncrmalized to the uncorrected
yield (see Figs. 19, 20, 22 and 24). This invariance is

shown as a dotted line beginning in the surface state region
and extanding parallel to the a.r~cissa axis in Fig. 31. The
second threshold process, with a higher photoelectric
threshold, also formed an enviolope when the EDC's were
displayed to show the initial state. Before this thresho'd
can be definitely assigned to indirect transitions from the
valence band maximum it must be ascertained that direct
transitions carnot explain such behavior,

The fitting of the spectral yield to a 5/2 plot does
not unambiguously preclude direct transitions., Gobeli and
Allen®9 have suggested that the cubic part of the yield
close to threshold could ke due to the excitation of electrons
from the top of the valence band with simultaneous exchange
of normal momentum with the surface. The ability of
adsorbed cesium to scatter emitted electrons has bheen
demonstrated by Gobeli et, al, 68 Similarly the coincidence
of the high energy edge of the threshold process in the
EDC's does not allow the unambiguous assignment of the
process arising from indirect transitions. As mentioned
previously, direct transitions could display this type
of behavior if such transitions arise from a region of
the valence band which is at a constant energy over the
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vhoton energy range investigated. However as the coincidence
oi the high energy edue was observed ovex photon energy ranges
of 2,0 to 5.0 eV asuch an interpretation is certainly dubious,
Hence the second threshold prccess can be ascribed to the
indirect valence band thresiold with little ambiguity.

To conclude, through the correlation of spectral yield
and enexrgy distyibution, the characterization of the threshold
photoemission processes from clean and *“cesiated” silicon (1900)
could be made with a high degree of certainty. It was shown
that the indirect surface state emission dominated the yield
in the thresheld region with the onset, at increasing photon
energies, of indirect valence ban: emission, 7The two photo-
electric thresholds, evident from the spectral yield, were
thug assigned as the surface state threshold {p,,] 2nd indirect
valence band threshold T@v].

.1.4,3 Band Bending at the Clean and Cesiated Silicon Surface

In Sec. 1.3.3.4 the parameter |Ep-Ey{ was determined for
silicon (100) as a function of cesium coverage. This
determination was made by studying the separation of the
highest emitting valence band state and the surface Fermi
level in the high energy threshold region of the EDC's.
However, because of the difficulty in locating from the
distributions a fixed reference point (Fig., 27) was chosen
and relative shifts in |Ep-Ey| measured. The resultant
data is plotted as a function of cesium coverage in Fig. 28,
As previously mentioned thesec data were taken under
stringent experimental conditions such that the photon
energy and the analyzer sensitivity were held constant
for the duration of the measurements. As E; was determined
by an extrapolation to the abscissa, any error in this
extrapolation is an error in the determination of |Ep-Eyl|.
Aithough an error of # 50 meV could be ascribed to this
measurement (Fig. 28) depending upon which portion of the
slope was extrapolated, it is believed that with careful
choice of the region to be extrapolated, the error in the
determination was less than this value. A3 only a
relative shift was measured, any discrepancy between E;,
and the valence band maximum was not an error in this
measurement as long as the choice of E;, was maintained
for the duration of the measurements. Similarly the
relative measurement was independent of any error in
the Fermi level determinatic.. as long as the work
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function cf the repeller grids remeined constant for the duration
of the measurements. The use of an jion source for cesium
depecsition {limiting cesiation to only the silicon surface) an?
frequent chesks on the repeller grid work function assured that
the grid work functicn did indeed remain constant. The validity
of the data in Fig. 28 was checked by measuring 1Ep-Ey! in a
completely independant run in which the distributionhs taken near
threshold were examined as a function of cesium coverage. The

" results were in very good agreement with the data presented in

Fig, 28.

As previously mentioned the work function c¢f the clean
silicon (100} could be fixed at 4.55 + 0.05 eV bv the cbservation
that emission was occurring up to the Fermi level andg thus
$ss was equal to the work function. The assignment of ¥y to
the indirect valence band threshold should 2llow the absolue
determination of E,., However as indicated in Sec. 1.3.2
(Fig. 14) and sec, 1.4.2.2 the value of E, for the clean
surfzce is subject to experimental uncertainty due to the
iimitation of maximum photon enexgy (5.5 eV) in. the present
apparatus, A careful Titting of the yield data corrected
for refiectivity above hv = 5.0 eV gave an extrapolated
value of Fy = 4.8% + C.1 eV. This value was within 40 meV
of the valte chosen by deterwmination cf E| by extrapolation
techniques. This a value of |Ep-Ey! for the clean surface

of 300 meV is not unreasonable. However, as previously

mentioned, -the deposition of cesium enabled greater
accuracy in the determination of E,, At cesium cOverages
above 10%, |Ep-Ey! should remain a-constant and thus could
be employed to deiermine the absolute sczle for FPig. 28,
Examination of yield-data at coverages above 10¢ gave a
value of @ Qq of 650 + 50 meV (e.g., Figs. 31 and 32).
This value is totaliy consistent with the clean surface
value of 300 mv.

Thus by analysis of the photoelectric enesrgy distributions,
spectral yields and work function data an entirely consistent
model can be developed for the band kending at the surface
of ciean and cesiated zilicon {100). At the clcan surface
the separation botwasn the valence band and the Fermi level
is 300 wmeV. Tris separation increases with cezium deposition
until at ~ 197 of a monolaver of cesium it Has reached 650 meV.
No further band bending occurs even though cesium deposition
continues up to ~ 457 of x monolaver,
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There now exis+s sufficient self-consistent data to discuss
the correlation between the photoelectric yield, energy
distributions and work function data as cesium i: adsorbed on
the (100) face of silicon. Since the first ionization potential
of cesium is 3,98 eV and the work function of ~lean siliicon is
4.55 4+ 50 eV, it can be expected that cesium aus2-bs at least
initially, as a ca* ion. The observei work function reduction
due to cesium adsorption can, in a simple mcdel, be divided intc
two components:

86 = 805001 + AlBy-Eg] (10)

The latter comporient, A|Ey-Ep|, represents a displacement of
the conduction band edge towards the Fermi level due to the
£illing of previously unoccupied surface states by electrons
from the adsvrbed cesium "donors". A reduction in work
function (Atgjpsle) can also occur upon Cs adsorption Gue to
a reduction in electron affinity by the formation of an
electric dipole layer at the surface.

The relative contributions of each of these components
to the total work function reduction can be seen from
comparison of Figs. 17 and 28, 1In comparing these figures,
it s%ould be noted that the work function is plotted on a
loourithmic scale, whereas the |Ey-Ep| shift is plotted
livearly. An initial rapid, downward movement of the energy
bands at the surface, with respect to those in the bulk,
occurs at increasing cesium coveradqe 0 ¢ 6 ¢ 0.08. The
corresponding effective work -function reduction is equivalent
to approximately 20 eV monalayer.‘l The saturation of the
|Ev-Ep| curve abeve 10% of a monclayer -and the continuing
work function reduction indicates that the latter must be
due entirely to the dipole component in Eq. (10). Topping
has proposed a model to account for the work function
reduction produced by the formation of a surface dipole
layer. Weber and Perial4 found in their experiment on
$i(100} that the Topping model could only be fitted for
cesium coverages © > 0,125, The availability of |Ey~Ep|
data in this experiment allows an explanatica foy this
discrepancy. The work function reduction in the region
below 107 monolayer is strongly influenced by the large
change in {Ey-Ep!. Further, for Si(111), Weber and Peria
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were able to fit the Topping model from essentially zero cesium
covarage. Correspondingly Monch36 has shown from surface con-
ductivity measurements that for Si(111) -Cs rapid band bendirg
occurred at less than 0.0l monolayers with a saturation in
|By~Ep| at approximately 0.013 monolayers of cesium, This
would have had no effect upon the fitting of the Topping

model on the comparatively coarse coverage scale of Weber

and Peria.

1.4.4 surface States on Clean and Cesiated $i(100)

In the preceding section, an examination c¢f the surface
parameters describing the band bending as a function of
cesium coverage was made. There, of course, exists a causal
relationchip between the observed band bending and the
surface state density and energy distrihution. This relation«
ship will now be investigated.

The surface states observed in the px~sent experiment
were; the intrinsic states due to the termination of the
periodic lattice, and surface states introduced by the
adsorption of cesium onto the silicon surface. The influence
of bulk impurities upon the observed emissicn may be
neglected 2ince, for ‘he near intrinsiv ..mple used, the
bulk donor and accepto' concentrations were < 1014 ce~3 and
the uncompensated donur concentration < 5 x 1013-em=3. rhe
relative emission from surface states and impurity atoms may
be estimated as follows: assuming an impurity concegtration
of 1015 cm~3 and an absorption/escape length of 100 A, there
2re approximately 10° impurity atoms per cm? in the layer
contributing to photcemission. Assuming equivalent photo-
electric cross sections, the ratio of emitting surface
states/impurity atoms in the surface layer will be at
least 106, Thus impurity emission can be ignored.

The determination of surface state energy distributions
for semicondiuctors has been attempted by numerous methods
(see Chapter 6, Ref. 59). These techniques have invariably
measur=d the effects of the presence of surface states and
the results were thus subject to formidable interpretative
(as wcll as experimental) limitations. 1In contrast, the
direct observation of surface state emission reported here
presents a considersbly simpler conceptual insight into
the density and energy distribution of surface states. It
should be noted that the observation of gurface state emisgsion
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has also been recently reported from cleaved Si(lll) by R.C. Edqnﬁo
and as early as 1964 by Alien and Gobeli® from cleaved and heated
$i(111). The similarity between the "toe" in the high enrergy

edge of the EDC's reported by Eden and that reported here

indicates very strongly tuat the observed emissicn is related

to physical processes on the silicon surface and not to anomalous
emission,

1.4.4.1 1Intrinsic Surface States

To enable correlation of the observed band bending and the
intrinsic surface state density and energy distribution, one must
make two basic assumptions: (a) at small cesium coverages,
the intrinsic surface state density is unaltered by cesium
adsorption and, (b) cesium adsorbs as an ion, resulting in
the initial stages of adsorption, in the filling of previocusly
unoccupied intrinsic surface states. Experimental evidence
exigsts to support both assumptions:

Monch%® has shown, through the correlation of field effect
and surface conductivity resvits on Si(lil), that, at low
coverages, the influence of cesium adsorption is analogous to
inducing charge in surface states by applying an electric
fielld normal to the semiconductor surface (field-~effect
experiment). Thus, the adsorbate does not perturb the
intrinsic surface state distributicn. This correlation also
showed that cesium adsorls az an ion, since the adscrbed Cs
decreased the surface conductivity, ir Monch's work, in the
same manner as in the field effect experim®nts carried out by
Henzler$l i.e., cesium adsorption supplies negative charge
to the surface states.

Intrinsic Surface State Densities

In Sec. 1.3.3.4 was described the experimental procedures
used in determinirg |E,-Ep| (or essentially the band bending)
vs. cesium coverage. The data was taken at constant photon -
energy (hv = 5.2 eV) and incident photon flux, as well a3
with constant detector sengitivity. Thus, in addition to
using the data to determine the effective band lending, it
can be seen that the measurement of the areas under the
surface state distributions (see Fig. 27) as a function of
cesium coverage gave a direct measure ©of the relative surface
state yields. The latter were, of course, proportional to
the number of occupied surface states lying between the
valence band maximum and the Fermi level (any surfaco states
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lying below the valence band maximum would be masked by the onset
of the relatively efficient valence band indirect transitions).
This assumes that the factors contributing to the spectral yield,
e.g., excitation cross section and barrier transmission did not
vary over the energy span of occupied states (~ 0.65 eV).

The surface state EDC area was taken to be approximately
that bounded by the experimental cuzrve and the dotted extra=
polation of the valence band high energy edge as shown in
Fig. 27. Several shapes of the valence band edges were assumed,
but the results were invariably the linear dependence shown in
Fig. 33. 1In order to interpret this cucve, account must be
taken of the simultaneous changes which occur in the spac2
charge layer. The change in the band bendirg which does occur
implies that negative charge is added to this layer as Cs is
adsorbed. Some very simple calculations show, however, that the
amount of this charge (expressed in terms of electronic charges)
is negligible compared to the number of added Cs atoms. Stated
dlfferently, the number of electrons added to the surface states
is, to a very good approximation, equal to the number of Cs
atoms adsorbed. Thus, if the area under the surface state portion
of the EDC is indeed proportional to the number of occupied
surface states (above the valence band maximum) the linear
dependence (Fig. 33) is to be expected. The occupied surface
state densi iy corresponding to the clean surface can therefore
be determined by linear extrapolatxon of the curve to the
abcissa, shown by the arrow in Fig. 33. This value, 0of course,
depended upon the assumed form of the valence band contribution
to the EDC in the overlap region and varied from 1.2 2 to 1.5 x 10

states/cm? for the trial envelopes used.

By assuming that only the intringic surface states are
being filled, up to the coverage corresponding to Fermi level
stabilization (6 ~ 0.10), the surface state density in the
interval Ey < E <€ (E, + 0.65 eV) can be calculated. This
density turns out %c be 7 to 8 x 1013 om~2, again depending
somewhat on the extrapolatiuvn method used to remove the valence
band ccntribution in the region of cverlap.

1.4.4.2 Energy Distribution of Surface States

The relationship between the energy distribution of
surface states, Ngg(E). and the external energy diatxibution
of photoelectrons, No(E), has been theoretically derived by
Pikus.®5 By solving Schrodzngers equation for the eigenstate
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of an electron, % .= %(k, in a two~dimensional periodic array
(y-z axes -paraliel to t Xe surface) and & potential function,

V = V(x), Pikus derived the general criteria for relating Ngg(E)

and Ng(E). Under the assumption that tie pctential function,

V(x), wa¢ not determined by the periodicities in the y~z directions,
he fow.d that the probability of ejection d¢id not depend upon

the energy of the initial state or upon the plioton energy

(asgumiry hy was above the photothreshold). The energy of the
electron in the final state, E, is szmpiy related (as for

volume processes) to the initial energy, Sgzg. by energy consexvation,
viz,

E = Egg + hy . (11)
where h.;. > (Egq~Eyacs). It follows that the energy distribution
of ejected electrons Ng(E), is simply related to the initial
surface state distribution, Ngs(E) by ¢

No(B) = T(E,hVi-Nss(E)-f(E). (12)

The function f(B) is the Fermi-Dirac distribution for electrons
and 7(E,hv) describes the transmission characteristics of the

potential barrier, V(x). For final energies, E >> (B, = E . .),

the barrier transmission will have: little effect upon the vac

external distribution, while near threshold, E «(E 5 Byac). the .
distortion of the observed energy distributxons wiii de
upon the form of T(E.hv). 1In general T will depend upon

kv - (Egg - Eyye) - Where the last term is dependent upon the

work function, m. it was observed in Sec., 1.3 that normalization -
of the EDC's to the yield/incident photon caused the surface

state region of the EDC's to form a common &nvelope-independent
of photon energy. This in a direct manner, corroborates the:
theory of Pikus, viz., the probability of ejection does not

depend upon the energy of the initial state or upon hv. This
theory thus provides some justification for using the uncorrected

“yield (p = 0) in normalization of the surface state EDC's and

in the y2/5 extrapqlation in the surface state region.
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The greater uncertainty in relating the observed EDC's
(for example, Fig. 27) to the initial surface energy distribution
is the result of the distortion of the EDC's by the finite time
constants of the measuring system. Nevertheless, in energy .
regions where the actual EDC is not changing too rapidly, the
observed EDC's are probably a reasonable estimate of the gross
features of the intrinsic surface state distributions, but
modified in the vicinity of Ep by the Fermi function. 1In all
cases, as |Ey-Ep! increased, the EDC's exhibited a linear
decrease towards midgap.

1.4.5 Model for Cesium Adsorption on Si(100)

At coverages less than 10% the model sommonly proposed69
for the adsorption of cesium on semiconductors holds. The
adsorbed cesium forms a donor-like state at the surface,
above the Fermi level, and ig ionized, contributing its
electron to the acceptor-like intrinsic surface states of
the silicon. The bands are thus bent downwards (Fig. 28) and
the occupied intrinsic surface state density increases
(Fig. 33).

While the adsorption of Cs up to 6 = 0.12 was accompanied
by a 10-fold increase in the measured surface-state yield,
the adsorption of an equal amount of Cs up to @ = 0.25 brought
on no further increase, Correspondingly, the Fermi level was
stabilized for coverages greater than 104,

Similar stabilization on the cesiated silicon (111) surface
has been reported by Monch36 and was explained as an encounter
of the Fermi level with adsorption~created states., Further
complexities of the Monch model, such as annihilation of
intrinsic states by adsorb2d Cs do not seem to be necessary
for our purposes. We can interpret the results by the following
simple picture:

At small coverages the intrinsic surface state distribution
is unaffected by tne Cs and one electron is added to the surface
states for each Cs adsorbed. The valence band edge therefeore
moves away from the Fermi level until the latter encounters the
adsorption-created states whose density is equal to the surface
density of Cs. One difficulty with the simple model is that one
might expect to detect photcocemission from the adsorption-created
states. This would occur as a rather narrow-peak at tkhe high
energy limit of the distributions of Fig, 22, for example.
Details such as these were never observed. Perhaps this
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situation can be qualitatively understood in terms of a property
of photoelectric processes viz. the photoelectric effect

cannat cccur for free elentrons, since energy and momentum
consurvation cannot be simultaneously satisfied.®? This
suggests that the efficiency of the photoelectric processes
dep:=nds upon the degree of coupling to a momentum absorber.

The intrinsic surface states, which result from a rearrangement
of binding states (which lie outside the band of allowed bulk
states) of the substrate atoms, are coupled to the crystal
lattice, i.e., the surface state electronic wavefunctions extend
several atom layers deep into the crystal.®3 Hence the lattice
provides an efficient momentum absorber for photoelectric emission.
If indeed adsorption-created states werc responsible for Fermi-
level stzbilization and such states were loculized to cesium
adatoms, then the lack of coupling to the Crystal lattice

could result in a decreased efficisncy of such states for

the photoemission process. This could explain thes absence

of any structure in the photoemission data from the adsorption
created states. Our hesitancy in making a definitive explanation
for the stabilization of the Fermi leve) lies in the present
lack of available theoretical .reatmer.ts for the adsorption

of cesium on semiconductors.

1l.4.6 conclusion

Perhaps the most significant result of this work was
the determination of the electrostatic potential profile of
the clean and cesium~covered Si(100) surface, (Fig. 34).
In particular, direct evidence of Fermi level stabilizacion
well below the conduction band was observed. While no definite
explanation could be presented for such stabilization, it is
of interest that although the intrinsic surface state density
for the Si(100) surface derived from this work is at least
an order of magnitude greater than that for the Si(11l) surface
derived by Monch,56 the potential profiles of +he cesium-
covered surfaces were nearly identical. This suggests that
such stabilization results from adsorbed cesium binding
states rather than from the intrinsic surface states, as
has been frequently assumed.

The direct observation of photoemission from surface
states, although not adding further knowledge with respect
to their origin, provided a direct determination (within the
limitations of the cnergy analysis technique) of the emergy
distribution and density of .ntrinsic surface states lying in
the forbidden gap.



54

2. LOW ENERGY ELECTRON SCATTERING STUDY OF GERMANIUM(100)

2,1 Introduction

In order to use a low energy electron beam as a probe for
studying electronic properties of a solid surface with adsorbed
overlay2rs, it is important that the interaction of low energy
electronsg with a clean solid surface are first understood.
This study was directed toward obtaining some understanding
of such interactions. Low energy electron interactions are
of interest because the penstration of the solid is small thus
giving information related to the first few atom layers. This
experiment involved the measurement of energy and angular
distributions of low energy backscattered electrons from a
Ge(100) single crystal. Such measurements are generally
classified as secondary eclectron measurements.

Mos*t of the secondary electron measurements that have been
made in the past were concerned with secondary emission at
relatively high primary energies, and were generally made
with a small solid angle detector in a fixed scattering
direction or with a large solid angle detector. Sush
measurements have been discussed in review papers.7 X
In the present experiment measurements were made for primary
energies below 50 eV, a range which has not had much study.

A high resolution, movable, small solid angle detector was
used., Because of the lower energy and smaller penetration

of the primary electrons, it was hoped that band structure
effects would be more evident and that small energy interband
or intraband Auger transitions might be detected.

Inelastic backscattering measurements can also give
information about the types of electron excitations that
take place near the surface. The low energy inelastic
scattering differs from the characteristic loss measurements
at high energies in that the penetration is small, making
surface excitations more impertant; also the lower energy
can give information on excitations which cannot be
measured at the higher energies. The high~energy charac-
teristic-loss work has been well reviewed.?2.73 1t is
implicit in the low-energy inelastic backscattering
measurement, that the electrons undergc an elastic
scattering event as wWell as being inelastically scattered,
since the probability is small of transferring enough
momentum to turr the primary electron around and backscatter
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it in an inelastic electron-electron collision. This relationship
between inelastic scattering and low energy electron diffraction
(LEED) has recently been explored by several workers, 74=79 put was
first suggested in 1927 by Pavisson and Germeri80 and later was
considered by Turnbull and Farnsworth in 193881 and Reichertz

and Farnsworth in 1949,82

Simple two-step processes cf combined elastic and inelastic
scattering can be proposed. An electron can be elastically
backscattered and then suffer an inelastic collision before
leaving the crystal; this will be termed an EIS (elastic-
inelastic scattering) process. Such a process is characterized
by a maximum in the inelastic intensity when the elastic
intensity reaches a maximum, and all loss peaks maximize
simultaneously. In the second type of process an electron is
inelastically scattered ard is then elastically Lkackscattered
from the crystal; this is called an IES (inelastic-elastic
scattering) process. For this type of process, a particular
loss peak would attain its maximum intensity when its
secondary energy corresponded to the energy for a maximum in
the elastic scattering. Only one particular value of energy
loss would satisfy this condition at one time so the loss
peaks would maximize independently. For the EIS process the
scattering angle for maximum inelastic intensity is the same
as that of the elastic peak whereas, in the case of an IES
process, a maximum in intensity occurs at an angle for which
the LEED beam would occur if its eneroy were equal to that
of the inelastic electron.

2,2 Experimental Apparatus

2.2.1 Vacuum System

Figure 35 shows a 3schematic view of the main chamber of
the ultra-high vacuum system and the experimental components
inside. The main chamber itself is 8.65 inches in diameter
and has four 4.0 inch side ports and four 2.0 inch side
ports alternated every 45° around it. All the parts of the
vacuum system were made of 304 stainless steel and gold
gaskets were used for flange seals. A SO liter/sec. sputter-
ion pump was used as the main pump and was connected to one
of the 4.0 inch side ports by about 3 feet of 4.0 inch
pipe, leaving the entire base plate available for apparatus
congtruction, A titanium sublimation pump was housed inside
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b the pipe going to the sputter-ion pump and provided additional

pumping of active gases. For rough pumping two zenlite sorption

pumps were used with liquid N; cooling and these were connected -
to the system by a Granville-Phillips 1.0 inch ultra-high

vacuum valve,

Two windows were mounted on the system; one, a 4.0 inch
3 wincdow, was used as a viewing port for observing sample and
¥ encrgy analyzer positions, and the other was a 2.0 inch quartz
1 window which provided a direct view of the sample face for
a vigsual checks of sample temperature and was available should
photoelectric measurements be desired.

A gas admission system was coupled to the vacuum system
by a 1/2 inch Granville~Phillips type C valve. This was
used to admit pure argon for ion bombardment cieaning of
the sampie.

2.2,2 Electron Gan and Scattering Chamber

A schematic view of the electron gun and scattering
chamber is shown in Fig. 36; also shown is the energy
analyzer and related biasing configurations. The electron
gun is a three-electrode device machined from 304 stainless -
steel, Focusing is controlled primarily by the voltage
between the second and third anode:; the first anode voltage
has aimost no effect on the feocus but acts mainly to control
E the amount of current. A tungsten ribbon filament was used
& as the electron source and was heated by direct current
k: flow. At the desired emitting point of the filament, the
A .040 inch by .001 inch ribbon was etched to about half its
o initial size to permit smaller filament currents to be used.
This was desirable ba2cause magnetic fields needed to be
. minimized. About 1l.0A of filament current was used and
E this gave beam currents of about 1.0 x 10-8A for 10 eV
primary energy and about 1.0 ;A at 100 eV.

To obtain gocd focusing properties and a stable beam
position for electron energies in the range 5-1000 eV, it
was necessary to vacuum anneal the electron gun at 1050°¢ C
g7 and then guench it with a flow of argon. This procedure
removed residual magnetization induced in the qun parts by
machining. Regions where the metai was machined to small
dimensions, such as near the apertures of the electrodes,
had magnetizations of up to several gauss; spot welding
also caused excessive localized magnetization in the

stainless steel., A beam size of about 1.5 mm was obtained
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at the targe:t position and its pusition was stable with changes
in energy when good cancellation of the Earth's magnetic field
was provided by Helmholtz coils., & voltage divider was used to
bias the second anode and the voltage ratio for best focus was
found to be constant so that the erergy could be changed
continuously without affecting the beam focus.

A 3.0 inch spherical scatterinj chamber was formed from
two hemispheres of 304 stainless steel. Fro these were
supported the internal grids and collector plates. Surrounding
the target, which during measurements was positioned at the
center of the scattering chamber, was a spherical griq, 9),
congtructed of 100 line/inch chromium plated stainless steel
woven mesh, This grid was kept at target potential thus
maintaining a field free region about the target to minimize
trajectory distortion., A battery in the target lead, allowed
for correction of a contact potential difference between the
target and gj. A hemispherical collector was placed behind
g: on the back half of the scattering chamber and was biased
at 222-V to help remove electrons from the central region,

On the cther half of the scattering chamber, a second
hemispherical grid, g2, was mounted concentric to the first
grid with 0.1 inch spacing and was used as a retarding
grid for energy analysis of the scattered electrons. This
agrid was conaected to a nearly complete hemispherical collector
which was used for large solid angle measurements, ToO permit
measurements of energy Adistributions at specificz angles a
slot was cut in this collector and a drift channel was welded
in to provide an electrically shielded drift space, extending
beyond the outer hemisphere, in which an entrance tube for
the energy analyzer moved. All these parts were also chromium
plated.

2.2.3 Encergy Analyzer

Figure 36 sbows a schematic view of the 127° cylindrical,
electrostatic energy analyzer that was used in the experiment.
The analyzer was mounted on a cart which rode in a slotted
track providing 60° rotation about the scattering chamber in
the horizontal plane., A rotary feedthrough coupled to the cart
by a radial arm served aa the driver.
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The energy analyzer was constructed from 304 stainless steel
and as in the case of the elcctron gun it was necessary to vacuum
anneal the entrance and exit aperture plates to eliminate
magnetization caused by machining. Chrowium plated stainless
steel grids with about 75% transmission (100 lines/inch) formed
the deflecting clectrodes inside the energy analyzer. Thesse
wera used in conjunction with cylindrical collectors placed
directly behind them to prevent the creation of secondary
electrons inside the znalyzer which could reach the exit aperture.
On the exit plate a knife edge, circular aperture ,020 inch
in diameter was used, while on the entrance plate a .020 inch
by .20 inch knife edge slit was used. A slit was necessary
because this type of analyzer does not have refocusing properties
along the direction of the cylindrical axis, With a circular
aperture instead of the slit, small misalignment of the trans-
mitting plane of the analyzer with the trajectory of the
electrons entering the analyzer caused loss of signal. A
slit provided enough leeway to eliminate this problem.

An analysis of the propertizs of this type of electrostatic
velocity analyzer was given by Hughes and Rojansky.83 From
this analysis, if the a.gular broadening is negiected, the
resolution, AE/E, is given by

2AR
R
o

lTJlD
o}

where AR is the aperture width and R, is the mean radius of
the analyzer. This gives a value of 4.54 for AE’E. A value
of about 5° was estimated for the half angle of acceptance

of the analyzer from the approximate orbit eguations given by
Bughes and Rojansky:; however, the geometrical angle of
acceptance for a point source at the target with radial
trajectories is less than 0.5 degrees., The operating charac-
teristics of the analyzer were in good agreement with
calculations, the energy passing relationship, Epass = 3.52 AV.
where AV is the potential between the deflecting gridc was
measured to be less thaa 3“ in error for pass energies from
1.0 eV to 60 eVv.
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There are two modes of operation for this analyzer. 1In the
first mode, the pass energy is fixed and the electrons are
retarded before they enter the analyze: by grid gj;. Since the
resolutior is a fixed percentage of the pass energy, this mode
leaves t}..: resolucion of the analyzer fixed over the entire
energy range of the measurement; this method was used almost
exclusively. The second mode c¢f operation consisted of setting
gl., g3 and che analyzer case at the same potential and then
obtaining the energy distribution Ly sweeping AV. Energy
distributions obtained this way had to be corrected by a
resolution factor to give their true shape. The true energy
distribution is related to the measured distribution by a
factor proportional t.» %. In Fig., 37 a single energy
distribution is showia as measured by the two methods. Curve B
was taken by sweeping AV. Also shown is a 1 curve and the
calculated points obtained by dividing one distribution into
the other. There was about a 0.5 eV shift to higher energies
for curve B, so that its resolution factor of 1 vas calculat {
for the span of 0.5-10.5 eV and it was then shifted in the
figure to coincide with the energy scale of curve A. This
agreement is quite good, and indicates that the two methods
are equivalent. This second mode 0f operation was sometimes
useful in detecting small peaks on the large secondary
background, since the energy dependence of the resoclution
discriminated against the large secondary peak thereby
reducing its magnitude.

2,2.4 Aapparatus Alignment

Mechanical alignment of the parts of the apparatus was a
critical factor for obtaining reliable energy and angular
distributions. A procedure utilizing a J} ser beam was developed
to align the parts accurately. A jig was constructed that
supported a front surface mirror at the sample position auch
that it could be rotated about the same axis as the energy
analyzer with accurate control of the angle, With the mirror
set for normal incidence the laser beam was directed down the
axis of the electron gun and reflected back from the mirror
to the laser and back again to the electron gun. 1If there was
some misalignment, the reflected beam back tc the gun could be
seen displaced from the originally transmitted beam. The
electron gun position was then adjusted until all the beams
were coincident, this wag the condition for having the electron
gun properly aligned. Next the mirror was rotated so that the




laser beam was reflected onto

mounted on the entrance plate cf

position was marked with cross hairs,

the energy analyzer.

A mirror was
the analyzer and the aperture
The reflected laser beam

from the carget mirror was kept between the cross hairs of the

analyzer mirror and the analvzer
the laser beam doubled back upon
wags reached the electron gun and
mutual alignment with the proper

2.2.5 Target Assembly
The target was mounted at a

beam on the end of a manipulator
in Fig. 35.

coincident with the electron beam axis,

position was adjusted until
itsclf. When this condition
energy analyzer were in
target position.

and Manipulator

fixed 45° angle to the incident
shaft as shown schematically

The main rotary axis of the manipulator was

co that rotations of

the target left the incident angle unchanged, such rotations
are equivalent to rotating the energy analyzer about the

target,

Besides the rotary motion, the manipuiator allowed

the crystal to be translated 6 mm in two airections perpendiculzr
to the rotary axis and the rotary axis itself could be tipped.

A translation stage permitted the target to be withdrawn from

the scattering chamber where it could be cleaned by ion

bombardment.

The Ge crystal was mounted on a tantalum block which was

machined to fit the crystal.

Tantalum t~bs which fi.

into

slots cut in the sides of the crystal were welded to the tantalum

block and held the crystal in place.

A 150 watt projection

lamp filament, mounted inside the tantalum block, was used
to heat the block and sample by radirtion.

2.2.6 7Tor Bombardment

Cleaning Apparatus

An icn bombardment method was used for cleaning the target

and a schematic of the apparatus

is shown in Fig. 38. This

method consists of bombarding the surface to be cleaned with

ions which "sputter" the surface
ejected due to the impact of the
ions were used,

away, i.e. surface atoms are
ions; in this experiment argon

This apparatus is nothing more than an ionization

chamber from which the ions can be drawn to the target surface.
It consists of a cylindrical tantalum enclosure with a square hole

at one end where the target is positioned.

Inside a double
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% filament of .005 inch tungsten wire provides a source of electrons
4 ) and a sinusoidally shaped .030 inch tungsten wire forms the anode
used for accelerating the electrons to ionize the arxgon.

A Thig apparatus was used at a pressure of 1.0 x 10"3 Torr of
4§: argon which had been cataphoretically cleaned®4 prior to

: adnission to the vacuum system. A gas discharge was struck
inside the ion bombardment chamber by running the filament at
. about 5.0 A and setting the anode voltage at about 30 V. Ions
were then drawn to the target by applying a negative potential
to the target with respect to the anode. Two modes of discharge
were encountered with this apparatus, the one was characterized
by low target currents and nonuniform sputtering and the other
by large target currents and quite uniform sputtering. The
high current mode was the one used and was obtained by raising
the anode voltage up to about 8) volis momentarily, thus
striking the high current mode, and then reducing the anode
voltage to the desired operating voltage of abocut 27-30 V;
at an anode voltage of about 25 V the discharge usually
reverted t¢ the low current mode. The anode voltage was
kept 28 low as possible to minimize sputterirg of the filament
and tantalum enclosure., For typical cperating conditions,

ApICi b aliecintt v pr i

. i.e. using 4.8 A filament current, 30 V anode potential and
E . 50 V target potential, an ion current density of about
g 100 ya/cm? was obtained.

H: 2.3 Experimental Procedure

g 2.3.1 Vacuum Processing

Working pressures used in this experiment were typically
1.0 x 10~10 Torr or lower as determined by a calibration of
ion pump current and a Bayard Alpert gauge. Processing
g started with ultrasonically cleaning every part in methyl
alcohel or boiling Freon prior to assembly. After assembly
3 the system was rough pumped to about 1.0 x 10-2 Torr using
v zeolite sorption pumps with liquid nitrogen cooling., At
this pressure the titanium getters were outgassed and the
ion pump was baked into the gorption pumps for several hours.
The sorption pumps were then valved off and the sputter-ion
purp was started with the aid of the titanium sublimator.
Once the pressure reached about 1.0 x 10~8 Torr a brief
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outgassing was given to all the filaments in the system and then
the entire system was baked at 275°C. After the pressure dropped
to about 5 x 107 Torr while hot the system was cooled slowly and
a thorough outgassing was given to all the filaments and to the
titanium sublimators. To remove gases readsorbed on the walls
during this outgassing the system was rebaked at 275°C. This
procedure typically produced total pressures of about 1.0 x 10-10
Torr or less.

2.3.2 Secondary Electron Energy and Angular Distribution
Measurements

Measurements of the secondary electron energy and angular
distributions were cacried out in two ways, the apparatus for
the first method is shown schematically in Fig., 392. For these
and all other measurements, a set of Helmholtz coils was used
to null out the external magnetic fields to within 10 milligauss.
In this technique, those secondary electrons which arrive into
the so0lid angle accepted by the energy analyzer are retarded
by grid g2 prior to entering the energy analyzer and those
whose kinetic energy is correct, pass through the energy
analyzer and reach the electron multiplier., A Channeltron
electron multiplier was used in its pulse-saturated mode so
that the detection technique was one of pulse counting. The
amplified pulses were fed into an integral discriminator
whose output went to a ratemeter which provided an analog
signal in counts/sec. By sweeping the target and inner grid
potential a direct plot of the energy distribution of
secondary electrons was obtained.

It was important to maintain a field free region between
the target and the inner grid, g;, so that the electron
trajectories were not unduly distorted and so that the zero
of kinetic energy could be established. The condition for
no potential difference between the target and inner grid
could he determined by varying the target potential with
Vege With Vi¢g set so that the target was negative with
respect to g3, including the contact potential contribution,
electrons originating at the target with zero kimetic energy
would be accelerated to the analyzer by the potential
difference, and the zero poirnt of the energy distribution
plot would show a shift along the retarding potential axis.
As the bias Vpg was increased then the zero point of the
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energy distribution would shift teo lower retarding voltages,
until the point was reached where no potential difference
existed between the target and inner grid. Further increases

in Vi¢g would result in an overall shift of the energy
distribution, but the low energy cutoff would remain fixed

since only electrons whose kinetic energy was large erough to
overcome the potential barrier established could reach the energy
analyzer, Thus by carefully acd<iusting Vpq from some negative
value towards positive values, the condition where the low
energy threshold of the energy distribution just stopped moving
could be determined and this was the condition for no potential
difference between target and inner grid. Since the clean Ge
target is assumed to have a work function of 4,75 eV, the +0.6 eV
value necessary for Vg means that the work function of the
chromium plated grid, g,, was about 4.15 eV. This agrees well
with a value determined by photoemission measurements from
similar grids using the Fowler technique.

The second method of measurement was basically quite
similar, but utilized a FabriTek model 1064 signal digitizer
for data accumulation and manipulation; the schematic is
shown in Fig., 40. 1In this type of measurement, an output
rarp which was synchronized to the memory advance of the
signal digitizer was amplified and used as the retarding
voltage. Pulses from the integral discriminator were then
fed directly into the signal digitizer where the information
was stored. Typically, counts from about a thousand sweeps
would be accumulated in the memory for a single energy
distribution. Only one fourth of the memory was used to
accumulate an energy distribution so that the rest of the
memory could be used to store other distributions or for

the purposes of scaling, adding or subtracting distributions
or integrating the data.

2.3.3 Auger Measurements

In a secondary electron energy uistribution there is
generally fine structure at fixed secondary energies independent
of the primary energy. These peaks are usually due to
excitation of electrons through Auger processesl4,20 angd a
correlation can be made between the energies of these peaks
and atomic energy levels listed in x-ray tables, Such
correlations provide an identification of the atomic species
present in the first few atom layers at the surface.l9
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Figure 41 shows the schematic of the apparatus as used to
measurc Auger sveckfra. The ac modulation technique for
differentiation of the collector signal has been described
elsewhere, 19 Briefly, the target, third anode and grid. 9gj,
are modulated by a sinusoidal voltage of 3-6 Vv, which
produces an ac signal at the collector versus retarding
voltage which is proporticnal tco the energy distribution
of the secondary electrons., For this apparatus the
collector is connected to the rstarding grid, g3, hence
a large capacitive signal was prnduced, due to the capacitance
between gy and g which was sufficient tn overdrive the
detection appavatus. To correct this, a capacitance bridge
circuit was formed by the variable capaciter, c¢,, and a
center-tapped modulation transformer, By tuning C, it was
possible to effectively null cut the capacitive signal.
A”-ter preamplification, the ac signal went to a iock=-in
aoplifier where the second harmonic was measured. It can
be shown,l9 that this is proportional to the derivative
of the energy distribution., This is more desirable than
the energy distribution itself, because small peaks and
shoulders on a large baci.ground in the energy distribution
are shown up as quite rrominent features in the¢ differential
curve making observation and identification much easier.

2.3.4 Electron Diffraction, Charactueristic loss
and Inelastic Diffraotion Measurements

Measurements of low energy eiectron diffraction (LEED),
characteristic losses and inelastic diffraction were
taken with the apparatus as shown in Fig, 39, To measure
the LEED patterns or beam intensiti:s, the retarding voltage
was set so that elastic electrons passed through the energy
analyzexr. By rotating the target and energy analyzer it
was then possible to map out the LEED pattern or to obtain
an elastic intensity profile. Elastic intensity versus
primary energy measurements were tzken in a point by point
fashion since each energy change moved the LEED beams which
necessitated moving the energy analyzer.

Characteristic losses were mecasured by sweeping the
retarding voltage through a range of energies near the
elastic peak und plotting the energy distribution; these
were done at sperific scattering angles. Variations in
the loss peak intensities with angle and primary energy
were also measured and these gave information about
inelastic diffraction events. E’sther a series of energy
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distributions would be taken at increments in scattering angle,
or the retarding voltage was set to allow electrons from a
particulur loss peak to pass through the energy analyzer and
the anglz of scattering was varied.

2.3.5 Target Preparation and Cleaning

A (100) face of Ge was chosen as the surface to be studied
because Ge has been well studied in this laboratory by other
techniques and the (100) face gives a simple LEED pattern thus
making inelastic diffraction measurement simpler. The sample
was cut from a commercial single crystzl of 45 Q-cm gexrimmanium
to a square face .7 cm on a side. This sample was oriented
to within + 0,5° by a technicue using a preferential etch
and optical reflection patterns.85 After orientation it was
mechanically polished tc an optically flat mirror finish,

Prior to mounting the sample it was etched in concentrated
hydrofluoric acid to remove the oxide layer and was ultra-
sonically clezaned in methyl alecchocl. Once in vacuum, the
sample was cleaned by ion bombardment and heating. Imitial
sputter cleanings removed abeut one thousand atom layers
each; these were followed by lengthy heatings at about 600°C,
At first, this procedure left the surface witl some carbon
contamination as determined by an Auger spectrum, and this
was the only contaminant observed, After several of the
sputter-anneal cycles the carbon contamination daisappeared
and it is suspected that the carbon was migrating onto the
surface from the sample holder and sample edges during the
anneal stage until it was depleted. After a clean surface
w=z established, the sample was annexled each day prior to
making measurements. This was done to desorb any C2 or
cther contaminants, which might have been adsorbed, to
prevent their being cracked by the electron beam., Periodically,
a significant amount of carbon could be detected by
measurement of an Auger spectrum as shown in Fig. 42; this
seemed te be accompanied by some degradation of the LEED
bzam intensities also. This could have bheen due te further
surface migration during the many anneals or some cracking
of CO could have taken place. A light sputtering of the
surface (~ 100 atom layers) was sufficient to reestablish a
clean surface as demonstrated by the Auger spectrum of
Fig. 43. 1In the figure, each section of the Auger
spectrum is labeled with the relative attenuation, A, the
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time constant used, 1, the peak to peak modulation voltage, V.
and the primary electxon current, In: where they have been
omitted they are the same as the previous section of the
spectrum. To reduce the depth of damage durir:; sputtering

and make annealing easier, the ion energy was kept at 80 eV
for all but the initial sputtering when 200 eV ions were used.

2.4 Results and Discussion

X 2.4.1 Secondary Electron Energy Distributions

ke Nearly all of the secondary electron energy distribution (SED)
measuremerits wer< made for primary energies below 30 eV. since
the most pronounced structure was obtained under these conditions.
This structure can be generally described as peaks which occur at
about 3.5 eV, 6.0 eV and 11.0 eV although the energy at which

E they occur is somewhat dependent on the scattering angle. This
g structure is shown in Fig. 44 for a typical enerqy distribution
taken at the specular scattering angle with 45° angle of
incidence and a primary energy of 21 eV. Also evident are two
g energy loss peaks which will be discussed later., For greater

3 primary energies the 6.0 eV peak is degraded to a shoulder on

i the background but the structure near 11.0 eV becomes more

5 prominent as shown in Fig. 45, 1In Fig. 46 three curves taken

. at different scattering angles are shown:; the primary energy

is 12 eV, There are definite shifts of the peak positions,
especially the peak near 6.0 eV, with scattering angle. A
detailed study of the angular behavior has not been made as

yet so these observations are not definitely understood. Near
the elastic peak the structure could ke a combination of loss
peaks and the secondary peak which occurs near 11 eV. As for
the origin of the structure at 3.5 eV and £.0 eV, two
possibilities have been ruled out for the present. The first
of these is the possibility that intraband Auger processes

are taking place in the valence band. Energy values ¢an bhe
obtained that are reasonable only by assuming the ionized

level is at a maximum in the density of states of the valence

3 band and that the neutralizing electron as well as the ejected
electron come from the top of the valence band. This seems
unlikely and furthermore these peaks are not evident for the
sputtered (and unannealed) surface. The second@ possibility

is that these peaks are due to electrons from maxima in the

2 density of states for the conduction band along symmetry

. directions; however, this does not agrec very well with band
structure curves available., The best explanation that can pe

3 given at present, is that this structure is due to diffraction
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of secondary electrons out of the crystal., Secondary electrons
created in the crystal whose momenta are directed in the proper
direction can be diffracted out to the detector. If the energy
of the secondary corresponds to the energy for strong diffraction
then the signal at the detector will be enhanced. This would lead
to fine structure on the secondary energy distribution curve.
To check on thig, the elastically scattered intensity in the
specular beam was measured and is shown in Fig. 47. There is a
good correlatirn between the energy for maxima in the elastic
intensity plot and the energies where peaks occur in the SED.
As a check on this, the crystal was sputtered with 80 eV ions,
resvulting in a disrupted surface which showed no diffraction.

A SEI' curve was measured for this condition and then the sample
was annealed and the SED remeasured; this data is shown in

Fig. 48. The broad hump near 4.5 eV in the sputtered crystal
SED is not understood as yet, but the dependence of the fine
structure upon surface order is clearly shown by the annealed
crystal SED. This model -could also explain the shift in the
peak positions with angle, since electrons diffracted into a
different angle would be expected to have maxima at a different
energy. Since the angle of incidence cculd not be changed

this could not be checked.

The structure which occurs near 11.0 eV does not correlate
with any maxima in the elastic intensity, so it must be due
to another mechanism, Even in the Auger spectrum taken at a
primary cnergy of 1000 eV there is a peak evident near 11.0 cV,
as shown in Fig, 43. Tror the present this peak will be
considered as due to an Auger process, but the levels involved
cannot be identified.

2.4.2 1Inelastic Scattering Mcasuremerts

Most of the characteristic loss measurements were taken for
primary energies below 100 eV; a typical spectrum is shown in
Fig. 49 for a primary energy of 70 eV. This spectrum was taken
in the specular scattering direction where the largest amplitude
loss peaks were obtained; they are shown indicated by arrows at
energies of 1.5, 3.0, 3.0, 10.0, 16,0 and 32.0 eV. The peaks at
16.0 eV and 32.0 eV are ti.> “Hulk plasma loss peaks: the 16.0 eV
peak is not very evident in this spectrum because of the low
primary energy and the dominance of the surface piasma loss peak,
at 10 eV, in this scattering direction, These three losses agree
well with other measurements. All three of the smaller cencrgy
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loss peaks are felt tc be due to interband transitions and
correspond fairly well to some of the principal gaps found
for optical transitions. However, since direct transiticns
are not required as in the case of photon excitation, this
correspondence is not necessarily of any importance, but
nondirect transitions between maxima in the density of states
could ailso give values clese to those observed. These peaks
have not been cited in the literature previously, thus no
ccmparisons can be made.

Several energy distributions at different primary
energies in the gspecular direction are siown in Fig. 50.
All the curves are shown for the same sensitivity, but a
vertical displacement has been made between each set of
two curves to avoid confusion., At the lower primary
energies it is especially noticable, that the inrelastic
signal is increased when the elastic scattering is increased
and this is more true the smaller the energy loss. This is
what would be expected for a process of diffraction followed
by inelastic scattering. Another noticeable feature is that
the surface plasmon peak for the 80 eV curve is shifted
from about 10 eV to 9 eV, and the increase in the inelastic
signal is greater than the increase in elastic signal. This
could be due to a superposition of electrons from both an
EIS and an ZES process. Since the elastic intensity exhibits
a maximum centered at 75 eV, then the IES process would
show increased signal centered about a loss of 5 eV. This
could account for the large inelastic signal as well as the
shift toward lower energy of the surface plasmon peak. The
change in the relative sizes of the 16.0 eV and 10 eV
peaks with primary energy, is considered to be due to
changes in cross-scctions with primary enerxgy.

As was mentioned already, the inelastic signal was
increased in or near the direction of diffractiocn maxima.
For the measurements made so far, it would appear that
there is little or no shift in angle between the maximum for
a loss peak and that of an elastic peak. One exception
has been found. This occurs for the scattering, near the
01 diffraction beam. A shaxp maximum in elastic intensity
of the 01 beam was obtained at 60 evV. Thus by setting
the primary energy at 70 eV any 1ES process involving
a surface plasmon of 10 eV would be enhanced.
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Leaving the primary energy fixed. energy distributions were taken
at a series of angles about the (1 beam in the 01 azimuth. A
plot of the intensities of the elastic peak and 10 eV loss peak
are shown in Fig., 51. Due to difficulty in deciding what back-
ground to subtract, the shape of the inelastic curve is somewhat
uncertain but the shift in maxima is definite. As can be seen
the LEED beam is rather wide; this is felt to be due to a carbon
build-up on the surface, but does mot affect these results, The
angular shift is just that which would be expected for the elastic
peak if the primary energy were changed from 70 eV to 60 eV.

This seems to be a clear demonstration that the IES process is
active.

2.5 Conclusions

An apparatus was constructed to measure the energy and
angular distributions of secondary elestrons from the (100)
face of a Ge single crystal, Two types of measurement were
made with the apparatus. One concentrated on peaks fixed
in secondary energy and was made for primary energies beiow
30 eV. The second type of measurement dealt with the
characteristic loss peaks in the near elastic region of the
spectram and was done for primary energies mostly in the
50-100 ¢V range.

Structure observed in the secondary electron energy
distribution, w:zs most pronounced at primary energies below
30 eV, and consisted of peake at secondary energies of 3.5,
6.0, 11.0 eV, independent of the primary energy. These were
at their maximum intensity in the specular scattering
direction and were only evident when the crystal was well
ordered and exhibited a diffraction pattern. The peaks at
3.5 and 6.0 eV occur at the same energy as maxima in the
elastic intensity spectrum for the 00 beam. It is felt,
therefore, that these secondarv electron peaks are due to
diffraction of secondary elecirons.

Characteristic loss peaks were measured for energies of
1.5, 3.5, 5.5, 10.0, 16.0 and 32.0 eV. The three lowest
energy losses are considered to be due to interband trarsitions
while the larger three are due to plasmon excitations, the
10 eV peak being the surface plasmon, and the 16.0 and 32,0 eV
peaks being the first and second bulk plasmons. By varying
the angle of detection and primary energy, evidence was found
for two types of double scattering events.
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3. STUDY OF GALLIUM ARSENIDE THIN FILM SAMPLES

3.1 Experimental Results anc Discussion

# belljar vacuum system and electronics apparatus were
cons“sucted as a photocathode activation system. This system
was successfully tested for ultra high vacuun condition: and
production of the following measurements on installed samples:
oshotoelectric yield, energy distribution of photoelectrons,
Auger spectrosceopy and sample temperature,

Two GaAs thin film samples were obtained from the Night
Vision Laboratory, U.S. Army Research and Development
Laboritories at Fort Belvoir, Virginia (Samples R64A and R62).
These samples were installed in the photocathode activation
system with the following results which were the sgsimilar for
both samples: Peaks in the Auger data were found at ~ 150,

265 and 510 eV and these peaks were ascribed to the presence

of sulfur, carbon and ~xygen respectively. No peaks ascribed
to either gallium or arsenic or the doping element, zine, were
found. No measurable photoemission was cbtained from the
samples either before or after heating to temperatures ~ 700°C.
Heating did result in evaporation of material from the sample
surfaces. Auger spectra taken before and after cesiation of

the sample surface showed cesium had a residence time of less
than ten minutes on the surface. No photoemission measurements
were made during the short cesium residence time, and no
measurable photoemission was obtained in tests made ~ 15 minutes
after cesium deposition. The Auger spectra obtained ~ 15 minutes
after cesiation were identical with those obtained before
cesiation. This situation was repeatable with cesium coverage
from 1/10 to greater than one monolaver.

3.2 Conclusions

The two GaAs thin film samples examined in the phcto-
cathode activation system were very poor photoemitters,
Continuing work in the photocathode activation system was
subsequently supported by other funds and will be reported
elsewhere.
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4, STUDY OF GALLIUM ARSENIDE-CESIUM
4.1 Introduction

The efficiency of cesiated Gaas p++ gingle crystals as high
yield visible-infrared photocathodes is well kriown.l Research
has been directed toward a better understanding of two aspects
of such a photoemitter: 1) The instability of the photo-~
electric yield with time aubsequant to cesium deposition and
2) the effect of surface treatment of the GaAs substrate
(prior to cesiation) upon the final photoelectric yield.

The former point was studied under the previous contract
enploying Auger electron spectroscopy and photoemission
measurement techniques. It was concluded that the decay in
photoelectric yield with time was due to the adsorption of

the gaseous ambient (mainly CO) and not to the desorption of
cesium. The effect of the adsorption process was to decreas-
the effective GaAs-Cs dipole layer and shift the photoelect: ¢
threshold to higher photon energies.

The latter aspect has not been carefully studied except
to note that a GaAs(110)~Cs photosurface cleaned by heating
to 680°C possessed an photoelectric yield inferior to that
of the cleaved surface and that such a thermally treated
surface was gallium rich.39 During this interval the program
was extended to study the effect of surface treatments upoa the
final photoelectric yield of uncleaved GaAs(110).

4.2 Experimeantal Techniques

These studies were directed toward monitoring the wo'k
function of the uncleaved GaAs(110) surface under cesiation
and heating cycles. The basic experimental apparatus has
been described previcualy.39 The work function data were
obtained by analysis of the I-V retarding potential charac~
teristic acquired with the 3-grid LEED electron optics.
Weber and Peria34 have shown that other information than
the change in work function can be ohtained from the
retarding potential characteristic.

The sample was heating by focussing the energy from an
external radiation source upon the sample while the
temperature was monitored with a Thermodot optical pyrometer
capable of 3°C resolution in the range 100°C to 700°C.

To circumvent the difficulty encounterel by use of a
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radiation source with a pyrometric d..ermination of
temperature ,a time-base recorder was tsed to monitor the
rate of decay of temperature after the radiation source
had been extinguished. The equilibrium temperature of the
radyle was determined by extrapolation of the decay curve
bmck to that instant.

Cesium ions were deposited upon the thermally treated
surface by means of an aluminosilicate source and the
associated ion optics. Accurate coverage could be obtained
by integrating the ion current by means of a capacitor.

The use of such sources has been discussed previously (see
Sec, (1.2.4).

4.3 Results and Discussion

A GaAs(110) crystal surface, obtained by roughly
cleaving in air was employed in these studies. In the
initial study the surface was cleaned by heating to 680°C and
the cesium was deposited in 0.1 monolayer increments. This
cycle was repeated (removing the previous Cs deposit) until
0.9 monolayer coverage was reached. As will be shown later,
the nature of the I-V curve at 0.9 monolayer made further
deposition meaningless. The plot of work function vs.
cesium coverage is shown in Fig. 52(a). It is evident
that the surface is considerably altered from the cleaved
surface, where a w.f. minimum of < 1.5 eV is reached at less
than one monolaver coverage. Assuming that the w.f, at zero
coverage iz 4.5 eV, the minimum, reached at 0.9 monolayer,
waa 2.85 eV, This result will become plausible after some
further obgervations are discussed.

A second important parameter measured from the I-V
characteristics was the total width and shape of the
curve from I=0 to I=I ... Thc retarding potential
technique measures a true average work function if the spatial
extent of the work function variation is small compared to
the beam diamet2r or if the magnitude of the variation is
small. However as the patch size increases and/or the work -
function variation on the surface becomes large, the I-V
curve represents a composite of the characteristics of each
distinct surface area. This is shown graphically in Fig.
52(b} for a heated Gaas(lll)A + Cs surface. This delineation
of the surface patch structure is not clearly ouserved in the
GaAs I~V characteristic until Cs is Jdeposited, suggesting
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+hat the initial w.f. differernce between the gallium-rich39
and GaAs areas is small and that the adsorpticn of cesium
on the inhomogeneous surface is strongly dependent upon

the substrate atoms.

Experimentally it was observed that the width of the I~V
curve increased with increasing cesiuvm deposition. At
coverages near 1 monolayer the structure illustrated in Fig. 52(b)
appeared. The width of the I-V curve prior to cesium
deposition was found to increase after the first few heating
cycles and to remain essentially constant thereafter (Fig. 53(a)),
The scattering of points at .6 and .9 monolayers may indicate
the presence of a gradient in gallium concentration across the
surface due to non-uniform heating. However the apparatus
was such that it was not possible to sample precisely the same
area of the crystal after each heating cycle so that non-
uniformities may be reflected in the data. The width of the
I-V curve after cesiation deposition is also shown as a function
of coverage in Fig. 53(a). It is clear that the presence of
cesium on the surface greatly accentuated the work function
difference between the GaAs and Ga areas of the composite
surface.

The preliminary conclusion reached from these ohservations
was that the Ga-rich areas of the surface were, at the very
least, inacti~ in increasing the photoelectric response.
Furthermore, investigation of another phenomenon which
occurred subsequent to cesium deposition indicated that the
gallium-rich areas acted as a "sink" for cesium ions. This
phenomenon was the migration of alkali ions in the first
few minutes after deposition. This was first studied by
L. cordesB® employing Na* on Ge. cordes found, by depositing
Na on 1/2 of a Ge{lll) web crystal and probing the Na
distributiocn by scanning the work function over the surface,
that the Na migrated over distances of 2 to 5 mm depending
on initial coverage. He also found that the final distribution
was non-uniform and was attainred in < 10 minutes. No further
change in Na distribution was observed in 24 hours. Cordes
showed that this process could not be explained in terms of
a simple diffusion process but was a resalt of elzctrostatic
repulsion between Nat ions. This migration phenomenon was
also observed in the present study by monitoring the change
in work function in a particular surface area as 1 function
of time, The I-V characteristic was measured as quickly as
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possible (typically 1-2 minutes after Cs deposition) and at
2-3 minute intervals until the curve became stabilized.
Typical curves illustrating the shift in work function at
.1 monolayer coverage are shown in Fig, 53(b). A%t higher
coverages however the shift in work function due to Cs
migratiori occurred in a manner that suggested the role

of Ga as an effective Cs sink. In Fig. 54 is shown the
nature of the work function change with time on a patchy
surface with a 0.9 monolayer Cs desposit. If the migration
of cst ions were from Cs-rich (low w.f.) to low density
{high w.£f.) areas one would expect an equilibrium I-V
characteristic as shown by the dotted curve in Fig., 54.

On the contrary we observed a further depletion (increase
in w.f.) in the high work function areas (upper portion
of the curve) and little shift in the lower work function
areas (lower portion of the curve). This suggests that

Cs 1ions within a migration length of a gallium island
may be captured, perhaps by alloying. The non-uniform
equilibrium Ccs* distribution then is a maximum between

the gallium islands and it small surrounding the Ga-rich
areas., The plausibility of this hypothesis is strenghened
by the observation that the low work function areas in
Fig. 54 do not shift appreciably, indicating little

cs™ loss in the initially high cs* concentration areas.

As an additional check on the above hypothosis
the cesiated GaAs surface was exposed to 5 x 10-8 Torr-
minutes of oxygen. If the higher w.f. areas in the I~V
curve are duc to Ga-rich (Cs-deficient) areas thien
little shift in w,£. should be observed. Conversely
the active Cs-rich interstitial areas would shift in
w,f. due to reduction of the Cs-GaAs dipole by oxygen
absorption. The results, shown in Fig. 55, do indeed
show that only a portion of the surfaces is active
since only the lower w.f. areas were shifted.

4.4 conclusion

The effect of cleaning the GaAs surface by heating
prior to formation of the GaAs-Cs photccathodes was
evaluated by monitoring the work function during the
activation process, By observing the characteristics
of the I-V retarding potential curves from GaAs-~Cs
during heating-Cs degosition cycles, evidence ©Of a
gallium rich surface“ has been obtained. The small work
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function reduction due to cesium adsorption can be understood by
the assumption that gallium acte as a cesium "sink” for adsorbed
spiicies within a migration length. It appears that, in equilibrium,
the stoichiometric GaAs areas have perhaps an effective covicage

of 0.3 monolayexs for an apparent 0.9 monolayer &eposition. This
effect precludes attainment of high photoelectric yield cathodes.
This study has implications as to the feasibility of non-epitaxial
GaAs film photocathodes, where variations in surface stoichiometry
may occur over micron distances.

It was the intention c¢f this study to continue the GaAs
work in a stainless steel ultra-high vacuum system as described
in Sec. l.2. A cleavage apparatus was designed and constructed
and appropriate GaAs samples were cut, Howsver at this time it
was decided that silicon would be a more useful material to
study and the GaAs research was terminated.




LS Lo

76

5, DEZONVOLUTION TECHNTQUES IN AUGER ELECTRON SPECTROSCOPY

5.1 Intiroduction

The effectiveness of a LEED (low-energy electron diffraction)
apparatus for energy analy:is of Auger electrons rrom a solid
surface, as well as for structural studies of the surface, has
been amply demonstrated.14:15 rThe correlative study of the
chemical and structural nature of the surface thus made possible
removes considerable ambiguity in the interpretation of surface
phenomena.19'87

However, certain limitations have arisen in the use of Auger
Electron Spectroscopy (AES) due to the inherent lack of resolution
in the LEED analyzer and to an incomplete understanding of Auger
processes and Auger electron interactions in the solid. The
resolution of the LEED-Auger spectrometer is limited by the
static characteristics of the LEED chamber and by the dvnamical
broadening inherent in the ac modulation, phase-sensitive
detection techniques used in AES.20 1n addition to limiting
resolution, the cetarding grid field penetration also produces
a shift in the apparent Auger transition energy which, in-
some cases, causes uncertainties in the identification of
the parent atom. Misinterpretation of Auger spectra can also
arise from neglecting the effects of Auger electron inter-
actionc of a single-particle (e.g., ionization lcssesj and
collective (e.g., plasma losses) nature.88 The study of
more fundamental preocblems involving Auger processes in solids,
such as the effects of variations in chemical bonding upon
the Auger spectra or band structure studies, are also limited
due to the poor resolution and extraneocus energy loss
structure observed in AES data.

It has been found that by using the energy loss and
analyzer resolution information contained in the nearly
elastically-backscattered primary electron energy distributicn
in & deconvolution technique, the complexity of the Auger
data (resalting from Auger electron interactions) and the
energy broadening can be greatly reduced. The main purposes
of this work are to describe the deconvclution technique
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and its applicability to AES and to present experimental evidence
supporting its viability. Although of secendary importance in
this report, the more obvious features of the dcconvoluted data
will be discussed whenever they appear tc be significant.

5.2 Formulation of the De:ronvolution Technique

5.2.1 Mathematical Procedure

To recover the unbroadened Auger electron energy distribution
A(e), from the measured distribution, N(e), we must describe in
functional form, B(e), the cumulative effects of finite instrument
resolution and inelastic interactions in the solid upon an
ejected Auger eleciron. If such a function B(e) can be obtained,
then A(e), N{c) and B(e) can be related by the convolution integral,

[l
N

N(e) = JMe')B(e-e')de' = A(e)*B(e). (1)

This relatlonshig has been widely used in many forms of
spectroscopy8 to compensate for the effects of instrument
broadening. Two problems appear in obtaining the unbroadened
spectrum A{¢): the specification of the fuactional form of
the broadering function B(e¢) and the solution of the convolution
integral, Eq. (1), fZor the unknown functicn, A(e), in the
integrand. The latter is most easily accomplished by use of
the well-known operational property of Fourier transforms (F),
viz,,

[.]

- r .
FNe) ] = f [Ale)Ble-c')de’ | = Fate)] - AB(e)} (@

-
Then the unknown function, A, is simply

¥ {
A(e) = F 1 FF%Tg%?' = Inverse Fouriexr Transform (3)

A further property of the convolution integral which
is of practical importance in the deconvolution techniaue is

N'(c) = A'(e)*B(e) = A(e)*E(e) (2)

i.e., the derivative of the convolution integral is the
convolution of either of the functions in the integrand
with the derivative of the other. This relationship is




useful since the cxperimentally measured cuantities in AES are
usually the derivatives of the res»ective electron energy
distributions.

it follows then that =5. (3) can be rewritten as

Ae) = p R ELNLe)1y (5)

RTRY ()]

It should be emphasized that the usc of either the derivatives
(N' (<), B'(e¢)) or the energy distributions {N({e¢),B(e)) in the
deconvolution technicue yields the debroadened Auger elnctron
energy distribution.

5.2.2 sSnecification of the Broadening Function, B(e)

The success of the deconvolution techniqgue in obtaining
higher resolution spectra is depandent upon the accuracy to
which we can “unctionally describe the apparent energy broaderning
which an Auger electron distribution exneriences through
interactions within the solid and by subsequent instrumental
broadening. The interactions experienced by fast (> 30 eV) electrons
within an electron mean-free path of the surface are mainly:
(a) electron-phonon scattering, which contributes typically
< .1 eV energy broadening and (b) disrrete characteristic losses
of 5-30 eV due to single-particle interactions (e.g., ionization
losses) and collective interactions of the electron with the
electron density of the solid (plasma losses). Much information
regarding characteristic losses in solids has been obtained by
monitoring ‘the energy distribution of nearly elastically-
backscattered primary electrons from solid surfaces.9l This
“elastic peak" (w EP(c)) distribution, which is readily
obtained in AES, reflects the cumulative effects of electroen
interaction within the solid as well as the subseguent
instrument energy broadening.

It has been shown88 that certain satellite structures
appearing on the low energy tail of Auger electron diatributions
can be correlated in eneray with the characteristic loss
features of the EF(c) spectrum (recorded at the Auger transition
energy}. This oualitative agreement suggests that Lne total
energy broadening experienced by Auvger electrons may approximate
that experienced by nearly elastically~backscattered primary
electrons. Thus, in the present work, the elastic peak
spectrum EP(z), was assumed to describe the form of energy
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broadening, B(e), pertaining tc the Auger electron energy
distributions. The EP(¢) spectrum was recorded at the Auger
transition energy to eliminate the effects of the energy
dependences of the electron interaction cross-section and sub-
sequent instrument broadening.

A simple, phenomenological model illustrating the energy
broadening affecting the Auger and elastically~-scattered
primary electrons is shown in Figs., 56 and 57. Figure 56
illustrates schematically the LEED~Auger measurement
apparatus, which will be brizfly discussed in Sec. 5.4.1, and
the phenomenological energy broadening and scattering
parameters acting upon each electron species. Figure 57
illustrates a hypothetical interaction and broadening
process resulting in the experimentally measured energy
distribution EP{e¢} and N(e¢). 1In Fig. 56 it is assumed
that a primary electron beam with a small energy spread
(= 5(e)) interacts with the solid and produces a certain
number of electrons which are backscattered with essentially
no energy loss. The interactions with the solid for this
group are mainly discrete characteristic losses (with 2
small electron-phonor broadening) - described functionally
by the scattering function, S,(¢) as shown in Figs. 56 and
57. Jnon ejection from the crystal thiz electron
distribution is ingtrument-broadened, according to IB(¢),
and is recorded as N{e¢). A similar argument follows for
the internally generated Auger electron distribution,

A(e), shown in Figs, 56 and 57. The major assumptions
to e made in equating the elastic peak spectrum, EP(c),
to the broadening function, B(e), in Eq. 1 are: (a) the
Auger primary electrons interact with the solid in a
identical manner, i.e., 33(c) = S,(¢) and (b) the
instrument broadenings experienceg by equally energetic
ejected Auger and primary electrons are identical

(1B(e)). These assumptions will now be discussed
briefly.

5.3 Physical Basis for the Deconvoiution Technique

5.3.1 T7The Equivalence of Auger and Primary Electron
Scattering

As mentioned previously, the qualitative similarity
between inelastic interactions of the primag and Auger
electrons in soiids has been demonstrated. A guantitative
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measure of the relative scattering probabilities can, in
principle, be made by measurement of the relative areas
under the maia Auger or elastic peaks and the subsequent
energy-loss peaks. The ratio of areas under successive
peaks then is a measure of the rela%ive probability for
inelastic scattering of the Auger and primary electron.
Althcugh this procedure involves a certain arbitrariness,
due mainly to the uncertainty in the main emission band-
width and shape, it can be shown that the apparent
scattering probability is higher for Auger electrons than
for back scattered primaries.?3 fThis difference arises
from the fact that the primary electron elastic peak
spectrum contains a large non-interacting specular component.,
The implication of these results is that the use of the
elastic peak spectrum, EP{¢)}, as the broadening function,
B(e), in the deconvolution procedure will tend to
underestimate the inelastic structure present in the
Auger emission spectrum. We shall see, however, in

Sec. 5.4.1, that the "residue" remaining after deconvolution
can usually be identified and thus does not detract
greatly from the interpretation of the final spectrum.

5.3.2 The Effects of Instrument Broadening

The second assumption made in the deconvolution
procedure is that the energy broadening inherent in
the Auger eleckron spectrometer acts identically upon
ejected Auger and backscattered primary electrons of
equal energy. The accuracy of this statement will now
be discussed briefly,

It is clear that the static resolution limitations
of the hemigpherical analyzer will affect the ejected
Auger and primary electron in the same way. The
energy broadening and shift i1 the apparent external
kinetic energy due to the nonspnerical equipotential
retarding s"rfaces will affect each electron specie
identically. The deconvolution technicue will clearly
account for the energy broadening in this case. It
will also account for the shift in apparent transition
energy as can be seen from Eq. (): since the convolution
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integral is a linear functional, a shift in enexgy of a primary
peak spectrum (recorded at an encrgy ¢) to € + AE will cause 2
corresponding energy shift to (e-AE) in the deconvolved spectrum,
A(e).

Hvnamical broadening arises from the measurement technique
used in Auger electron spectroscopy. This technigue superimpcses
an ac signal, V3 sin wt, onto the dc retarding poteantial, V,,
of the suppressor grids. A Taylor series expansion of the
collector current yields

i (V +V.ei = i it sin

1(V°+\1 innt) 1(V°) + i (Vo)slnﬁt +

zli i (V) sin%wt + (6)
2! - o M) L N N )

Bxpanding the terms involving sin"nt in terms of cosmwtl,
sinmyt (m = 1,2,3,....) one ohtains

r i)
LV v, sinat) = Ti(V) + 5= 1"(V,) + ....]
v 3
it (V) + 1 im(v,) +
+'(vll o .-8_. o oooo" (?)
_v,? v]_4 .
- 1“5- 1”(V°) + -Zg 1“”(V°) + ....Jcos2mt - ees

It is clear from Ec. (7) that, if V; is small, the coefficient
of the uth harmonic frequency is proportional to the mth
derivative of the collector current characteristic, As V)
increases the higher order terms of the coefficients in the
Taylor expansion (Eq. (7)) become appreciable with respect to
the first. It is evident that the form and magnitude of the
harmocnic distortion depends upon the magnitude of the
modulation, V3, and upon the shape of the electron energy
distributions. Thus the dynamical broadening arising from

the ac modulation techrique can be accounted for in the
deconvolution procedure only (a) if the respective EP(¢) and
A(e) distributions are identical or (b) in the limit when the
modulation amplitude approaches zero. Practically, the influence
of modulation distortion can be seen by deconvolution of the
data at several modulation amplitudes. The urroneous structure
due to harmcnic distortion can be seen to disappear at low
modulation amplitudes.
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5.4 Experimental Techniques and Results

5.4.1 Experimental Technique

The Auger Electron Spectroscopy instrumentation used in
recording the experimental electron energy distributions was
essentially that developed by Weber and Peria,l4 using a LEED
chambzr (shown schematically ir Fig. 56). The measured
quantities in all data whicn will be shown were the d?rivatives
of the electron energy distributions, dN/de and
obtained by the ac modulation, phase~sensitive detection
schene proposed by Harris, 20 This technique allows Auger
spactra, which appear superimposed upon the sezondary electron
background, to be recorded at higher sengitivity. This back-
ground in most cases was assumed to be constant in the
derivative spectra. The energy distributions of the vaw data,
N(e) and EP(¢) shown in the following text were obtained by
computer integration of the derivative spectra using a
FabriTek 1064 instrument computes. In the following
presentation of data, emphasis will be placed upon the
viability c¢f the dsconvolutior. technique for AES and,
wherever possible, upon the significance of the reaultant
data. Some deconvoluted spectra will be compared with
available published electron emission spectra - notably
the data collected by K. Siegbahn, et al.94 using the
ESCA spectrometer. 1In the latter technique, a high
resolution, double-focussing magnetic spectrometer is
used to energy-analyze Auger and photoelectrcns emitted
from a specimen excited by X-~radiation or electron impact.

5.4,2 Experimental Results
5.4.2.1 1Inner Level Transitions

The interpretation of the firal deconvoluted spectra
A{e) is perhaps simplest in the case of Auger processes
involving inner atomic ievels. 1n particular it is
advantagesus to examine transitions involving energy level
doublets with. typically, 3-10 eV separations. This
allows comparison of the peak separations of the deconvoluted
data with tabulated data and allows comparison 9f the
relative intensities of each component of the doublet
with photoelectron emission (ESCA) data.
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In: M4; 5N4'5N4'5

A prominent Auger doublet occurs from 44 sNg, 65N, g transitions
in the elcments >& through 7e.95 fThe notation uced above
indicates, in sequence; the initial ionized state, the origin
of the neutralizing electron and the initial level of the
externally observed electron. Actually the ejection level
for this In Auger transition cannot be specified due to the
near energy coincidence of the Ng, s5(4d) levels. For
simplicity we shall retain only a single subscript.

Sshown in Fig. 58(a) is the experimentally observed
Auger electron energy distribution, N(c), and a schematic
enexrgy level diagram indcating the origin of the !y s5NgHg
epectral lines from In. The distribution was obtained
from a sputtered In sample using a primary energy of 2000 eV
and 1V rms modulation amplitude. As can be seen, the appazent
bandwidth extends over nzarly 50 eV. The corresponding elastic
peak spectrum, EP(¢), recorded from In in the energy range of
the 1i4,5NgNg transitions (410 eV) is shown in Fig. 58{b). It
should be noted that In displays rather orominent characteristic
energy-ioss peaks whose spacing below the main elastic peak
corresponds quite closely to the calculated bulk plasma-loss
energy of 11 eV, Not evident in Fig. 58(b), although easily
seen in the derivative (&. E?(e)) spectrum (not shown), is a
surface nlasma~loss at approximately 8-9 eV below the elastic
peak. The deconvolution of N(e¢) and EP(¢) was initially
carried out using only the elastic peak portion of the EP(¢)
spectrum in Fig. 58(k). This, in effect, presumes that Auger
electrons experience only a "smearing" only in energy due to
instrument broadening and neglects the inelastic interactions
encountered by the Auger electrons in the solid. The result
of this deconvolution, shown in Fig. 59(aj, shows greater
resolution of the main M4 5NgNs peaks but retains an appreciable,
structured, low energy tail. <Conversely, the results of the
deconvolution of N(e) with the entire EP(e) function, shown in
Fig. 59(b) indicates ‘hat inelastically scattered electrons
contribute significantly to the low energy tail. The remaining
structure in Fig, 59(b) can be easily identified. As was
discussed in Sec. 5.3.1, the deconvolution technique tends to
underestimate the inelastic scattering cross-section of Auger
electrons due to the effect of specular backscattering of the
primary elzctron beam. The "residue® in the Tn spectrum can
be identified as arising from bulk and surface plasma losses
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experienced by ejected My gNgN. Auger electrons., Identified in
Fig. 59(b) are the bulk piasna losses (Awp) at 1l eV separations
from the M4, NgNg; and A NgN: peaks. The corresponding surface
plasma loss (aw,//2) from the i5N5N; transition can also be
readily identified. The expected energy position of the

surface plasma loss peak at approximately Aw,.//2 below the
MgNgNe peak is indicated by the arrow in Fig. 59(b). This
contribution couid account for the larger apparent half-width
of the MsN5Ng peak (4.7 eV) compared to the MyNgNg peak (3.2 av)
The relative intensitices of the peaks (from ordirate values)
clos2ly correspond te the 3:2 ratio expected from the
statistical electron populations of the Ms(j = 5/2) and

My(3 = 3/2) levels. (Under the influence of electron
bombardment the numbers of vacancies in the Mg and Mg isvels will
be proportional to (23 + 1)).

Perhaps the most important result of the deconvolution
of the In spectrumn is the direct evidence of the existence,
and an estimate cof the. magnitude, of inelastic scattering of
Auger electrons within the solid, The almost complete
disappearance of the structured low energy tail argues more
strongly than simply by comparing the energy separations of
structure in the Auger and elastic peak spectrap88 that
Auger <lectrons undergo discrete inelastic losses of energy
prior to ejection into vacuum.

Cd:114’ 5N4, 5N4' 5

— -

The deconvolution of the g 5Ng, 5N4 5 doublet (N4 4.5 not
resolved) of 24 from <Ads (0001) nrov1de" a clearer indication
of the uscfulness of the dcconvolution technigue than that of
the iIn spectrum discussed above. This is due principally
to the absence of prominent chacacteristic lossesg for electrons
in 2ds. Thus the experimental data couvld be recorded on a
smaller energy intexval to include essentially only the region
of interest, i.o. the doublet iy, 5N5N5. As was indicated in
Scce H.2.4 (Ea, 5) the linearity of convolution allows the
direct use 92f the derivative data,~§E(EP(g).N(s)) in nbtaining
the Auger energy distribution, A(¢). The respective derivatives
of th= elecgron enzxgy distributions measured from Cd-d4 5Ng Nz
are shown in #ig., 50, The shiit in thz doint cf maximum
negative deflection in uhC‘%— EP(c) spectrum from its expected
values at 396 eV to 402 eV 1% dve arincipally to field
penetration effects in the analyzer. A comparison of the

C
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resultant deconvoluted Auger distribution, A(ec), with the experimentally
measured Qistribution, N(e¢), (the latter ohtained by computer
integzation) is shown in Fig, 5l. The data wue scaled by

approximately normalizing to the intensity of the MgNgN, peak. It

is clear from the data shown that the deconvolution technique

has yielded a substantially improved spectcum.

Ccomparison of the final spectrum, A(g), can also be
made with photoelectron data cbtained from the ESCA technigue.
Shown in Fig. 62 is a suparposition of the Cd-My gNNg data with
the energy distribution of photoelectrons from the kg 5 levels
of -d (CdCly) excited by MgKo (1253.6 eV) rad: ation.64” The
abscissa refers to the Auger electron energy. The ESCA data
was shifted along the enexgv axis to rcoincide with the Auger
transition energy. The kinatic enexcy of the photoclectrons
was in the range 837-850 eV, from which the binding energies
of the Ii4,5 levels were determined by energy conserxvation, viz:

= -5 -
Epromne = Bxe T Zximerzc T 7

vhere m is the spectrometer work function. These binding
energies, positive with respect to the Fermi level, are
indicated in a schematic diagram of the photoelectron process
observed in ESCA.95 The relative intensities of the M4, sNsNs
peaks in the ESCA and Auger distributions show good agreement
within the errors involved in determining the ordinate zeros
and the high energy cutoff of the !NsN. transition. As

for the In 14, sNsN5 transition, the intensity ratio between
the MsN5Ng and MgNcNe transitions are in good agreement with
the 3:2 ratzo expected. In this case the areas were

measurel with a planimeter for intensity comparison rather
using the ordinate values as in the In spectrum,

No meaningful comparison can be made betwecn the ESCA
and Auger peak widths in Fig. 52 since the energy distributions
reflect different final states.

5.4.2.2 Adsorbatc Transitions

A narticularly nrevalent group of adsorbate transitions
are those arising Zrom the common surfacc contaminants
T, O and S. There cxists much uncertainty about the influence
of the substrate unon the adsorbatc Auger emission spectra,




86

as well as uncertainty about the origin of the structure in the
low energy tail of the emigsion spectrum. A rather cursory
examination of some oxygen emission snectra will provide some
answers to the above aguestions and will further demonstrate the
usefulness of the deconvolution niccedure,

Oxygen: XKLL

Oxygen Auger spectra werc obtained from adsorbed oxygen on
Ti and i'o. Figure 63 shows a direct comparison of the oxygen
KLL Auger spectrum from T:0 using the ESZA technicue (p. 163,
Fig. VI:12, Ref, 94) and the corresponding spectrum from
oxjdized Ti using the AFRS deconvolution technicue. The spectra
werc normalized to equal KILpL3 weak heivhts. The background
and inelastic scattering in the ZSCh spectrum has 't been
compensated for - hence it appears skewed with respect to the
AES spectrum., There are obvious structural similarities
between the curves but the AES spectrum shows greater detail
than the uncorrected ZSCA spectrum. The labeling of the
transitions follows from the work of Asaad?’ and Siesgbahn
(Chant. Vi, Ref. 95). 7t is shown in these rcferences that
the number of expected *LL lines using intermediate couplin
theory is 9. However, the energy degeneracy of the 2s12p5¢( Pg 1 2)
and 252294(3Po,~) stateces in oxygen, wherc vure LS coupling '
theory is aonlicable, ieduces thc observable number to 6.
As a result the labeling on some of the peaks in Fig. 63 is
not uricue., The arrows in F°g., 53 indicate the position of
possible characteristic loss residues (ﬂw, = 12, 26 eV)
which appear in the'%nzP(a) spectrum (not shown). The KLL
spectrum from oxidizecd Mo (Fig. 54) shows similar structure
to the 0-Ti spectrum, with the excention of the absence of
the structure identified in Fig. 63 as the KiyL, transition.
The characteristic losses in oxidized Mo which appear in
the drEP(e) spectrum occur at 12 andé 27 eV. The former is
nearly coincident with the KLjLj transition - the latter is
indicated by the arrow in Pig. €3. Similar structure was also
found in the oxygen ¥LL spectrum of oxidized Al and Al,03 (rig. 65).
Two conclusions can be reached from the preceding: (a
the principal structure observed on the low energy tail of
the oxygen XLL spectrum (in contrast to that of In-Ng sNgNs)
arises from the UL Auger transitions, and (b) the gross
features of the KL emission spectra are characteristic of
the oxygen atom and independant of the substrate or oxidation
state.

NOT REPRUDUCIBLE
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5.4.2.3 cChemical Effucts in O:KLL Spectra

As can be seen from Pigs. 63 and 64 the KLL transition
energies of oxygen in 7I-0 are 1.2 eV lower thaa the correspond’ng
transitions from Mo~C. Although it is possible that the
observed shift might result from the existence of a non-zero
surface potentisl on an insulating oxide (the irradiation of
the oxide layers with 2000 eV primary electrans could result
in a surface potential whose magnitude depended upon the
sacondary emission ratio of the oxide) svch shifts can also be
interpreted as changes in the binding energies of the inner
(K shell) electrons with respsct to the Yormi level. From simple
slectronegativity differences, which are an indication of the
ionicity of the bond, the binding energy of the K shell (hence
Auger slectron transition energies) should increase with
decreasing cation elactronegativity, as observed.

In the previous section, the emphasis was placed upon
the similarities in the oxygen KLL structures independent. of
the cation (i, Mo, Al). However it is obvious from examination
of Pigs. €3-65 that Aifferences in the spectra do exist. As
stated previously, the expected number of KLL lines for
Z = 8 is 6 on the basis of pure 18 coupling theory. However,
in contrast to the XII spectra calculated by Asaad and Rurhop
(2 2 12), the L, 3 shells (2p) of the oxygen 1s22e22ph
configuration are incomplete. Thus the inf%mrc of chemical
binding upon the KLIL spectra for oxygen (1s“2 2p‘) should be
cbsexvable.

It should be noted that the available final states for
Auger transitions, shown in pigs. 63-65, assumes complets
jonic bonding. Although this is not strictly correct, the
ionic character of the bonds from simple elactronegativity
differences, indicates a > 60% ionic character for the oxides
studied -~ hence ihe labeling is, to some extent, justified.
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Siegbahn (vef. 94, p. 1G6G3) nas ob.crvcu a variation in linewidth
in the XLL snectrum of fluorinc (lﬁ 2?33) in L*P and 2 Mg=y but
did not observe additional KLL lines or variations in transition
probabilities due to chemical bonding. Although it cannot he
determined from the ESCA O:XLL sovectrum (Flg. 63), Siegbahn does
correctly anticipate a morzs complax Auger spectrum for oxygen in
Ti0p than pure LS coupling oredicts due teo the availability of
more final state configurationz arising from oxvgen bonding.

As previously stated, Asaad and Burhoo have predicted using
intermediate ounling, a nine line XLL spectrum for elements
wich atomic numbers in the range approx.matcly 25 < 2 < 80,
This prediction has been exper mentally confirmed, with good
areeement between thecoretical and experimental relative line
intensities and sevarations. A romparison of the 0:KLL

spectra from O: A1203 and D:Alo which has been shifted to allow
coincidence ef the & LlLl(*S) and the XLjLs( 1p) peaks, is shown
in Pig. 65. It is obvious that the var’atlona in peak width
and structure ocecvr in the configurations involving principally
the L, 3 final state i.e., the bonding orbitals of the oxide.
For closed L shell conficurations (™ 2 1l0) onc observes similar
final state splitting in the configurations involving the

Ly, 3 states; the magnitude and separation being a function of
atomic number., However it i~ clear that the relative peak
separations in the KLL spectrs in Tig. 65 4o not change
appreciably with variations in the cationic or valency state.
Rather, the structure differences in the spectra can be

mainly ascribed to variations in the relative transition
probabilities for the 2s 129’ and 2s 22p final state
configurations. This implies that the energy broadening
observed by others in the XLL spectrum of low ° elements

(eege, F:KLL Kef, 94) may not be due to "solid state effects"
{c.g., the ordinary brondening of Giscrete electron energy
levels due to orbital overlas from ne-ghborvng atoms) but

may bc explicable in terms of variatione in transition
probability as suggested by F'g. 55. By comparing the line-
widths and intensities of the XLjL)('S) and KLjL, (“7)
transitions with the final states of the 25229£ configuration,
lee., WLy ('S), FL2Ly('D),....significant variations in
transition nprobabi lwty can gualitatively be seen to occur most
noticeably in comvaring the A10 ané¢ Aly03 spectra in Fig. 55.
The O:XLL spectrum of A1203 appears, to a greater extent

than thc others, energy broacdene’. This however can as

well be d'CrleM to ‘nereased trancition nrobabilities for

the X3L3 (3 Pg,2) and RLyL,('Sg) configuration with respect

to the main TL2L¢( J2) oecak. Also the anymmetry in the
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i3 (+P1) reak in Aly03 and the additional structure on the high
eneray side of the KLlLo( P ) peak suggests the 1ncrease in
transition probability of the hLle('Po) and KLjL (3p,)
respectively. The gencval trend in the Al05 spectrum is an
increase in intensity of the P(J = 0) states relative to the
others; perhaps partially at the expense of the decreasing
KLjLj (*So) intensity through intcrconfiguration interactions of
the J = 0 states as suggested bv Asaad. Conversely the AlO
spectrum does not display a large intensity increase in the
2312p5 or the KLpyLs. KL3L, states, as seen from rig. 65, and
correspondingly displays a larger KLjLj('S,) intersity than
71503 which lends credence to the interconfiguration inter-
action theory.
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From the examination of the deconvoluted oxygen KLL
spectra it is apparent that the main satellite features arise
from Auger transitions characteristic of the oxyzen atom,
indcpendent of the partlcular oxide studied, This is in
markad contrast to the structured low ene2xrgy tail of the
In:My, 5NcNg spectrum arising from inelastic scattering of
the Auger clectrons nrior to ejection into vacuum,

ey pa i

¥ i i S

Relative shifts of the apparent Auger transition energies
due to variations in chemical bonding of the oxides cannot be
unambiguously determined since the existence of a non-~zero
surface potential on the oxide surfaces cannot be discounted.
However the deconvciuted oxicde data exhibits a more prominent
chemical effect than relative level shifts i.e., the strong
dependence of relative KLL transition orobabilities uvon the
chemical binding state. 1In the central field, one-elactron

A model, the energy of an electron in the Coulomb field is
3 given by

& = 2
x vi{r) = _Eifls.

s cony iRt

where Z(r) is the effective nuclear charge seen by an electron
at a distance r. This effective nuclear charge is modified
both by the nresence of outer electrons (external screening)

as well as by the amount of charge closer to the nucleus
(internal screening). The perturbation to the binding energies
and corraspondingly the shift in apparent Auger transiticn
energy due to chemical bonding depends linearly upon the
effective nuclear charge 7. Howevexr the relative KLL f:ransition

ol S LRt

AT F TP TITR T
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probabilities can vary greatly with changes in the effective
nuclear charge % as shown by ~allan®8 and Asaaé.97 For example,
the strength of the IL3L3( Py) for low ~ was calculated to vary
roughly as the eighth power of Z. Chemical effects due to
charge transfer in bond formation 2 ‘e thus more discernible in
the structural features of the XKLL spectra than in the more
ambiguous shifts in Auger *ransition energy.

e 0 2 it e MR

5.5 Conclusions

; it has been demonstrated that the application of the

3 deconvolution technique to Auger Electron Spectroscopy
(using conventional Auger electron snectrometers) yields
spectra which agree well with those obtained using a

higher resolution spectrometer (ESCA).  In addition to
increasing resolution, the application of the deconvolution
technioue also eliminates much extraneous structure which
arises from inelastic interactions of Auger clectrons within
the solid. Although explicit reference has been made to
conventional LEED-AUGER analyzers, the decoanvolution technique
is apnlicable to any electron spectrometer where primary
ionization is produced by electron beam excitation.
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4 FPig. 64 Oxygen KLL spectrum of oxidized Mo, using deconvoluted AES
{ data, shcowing the similarity in structare with O-Pi of Fig. A8.
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fig. 65 Comparison of oxygen spectra
from 31203 and adsorbed
oxygen on ajiuminum
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